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SURFRESIDEZ: An Ultrahigh Vacuum System
for the Investigation of Surface Reaction Routes

of Interstellar I nterest

A new ultrahigh vacuum experiment is described tiody atom and radical addition
reactions in interstellar ice analogues for astnoically relevant temperatures. The new
setup - SURFRESIDE allows a systematic investigation of solid staaghways resulting
in the formation of molecules of astrophysical iatg. The implementation of a double
beam line makes it possible to expose depositednimecules to different atoms and/or
radicals sequentially or at the same time. Spetfalts are made to perform experiments
under fully controlled laboratory conditions, indlog precise atom flux determinations, in
order to characterize reaction channels quantitivin this way we can compare and
combine different surface reaction channels wite #im to unravel the solid state
processes at play in space. Results are constrairgal by means of a Fourier transform
infrared spectrometer and a quadrupole mass speeteo using RAIRS and TPD,
respectively. The performance of the new setugemahstrated on the example of carbon
dioxide formation by comparing the efficiency thgbutwo different solid state channels
(CO + OH— CO, + H and CO + O— CO;) for which different addition products are
needed. The potential of SURFRESIDE study complex molecule formation, including
nitrogen containing (prebiotic) compounds, is d&sad.

S. loppolo, G. Fedoseev, T. Lamberts, C. Romannid M. Linnartz, 2013, Rev. Sci. Instrum., 84, 07311



2.1 Introduction

More than 180 different molecules, not includingtépes, have been identified in the
space around and in between stdrs, the circum- and interstellar medium. It is
commonly accepted that this chemical diversityhe butcome of a complex interplay
between reactions in the gas phase and on icygdaists. The latter have been identified in
space and are currently topic of dedicated laboratonulations. During the last decade,
the introduction of ultrahigh vacuum systems hagrawed our understanding of molecule
formation in the solid state for astronomicallyengint temperatures, introducing a new
research field: solid state astrochemistry. Fulbntoolled laboratory experiments have
shown that new molecules form in and on the icesnuiimermal processing; energetic
processing induced by vacuum UV light, X-rays, cmsmays, and electrons; and
non-energetic processing like atom bombardment.nMbde it has been confirmed that,
except for CO that is efficiently formed in the gasase, the bulk of interstellar ices(
water, carbon dioxide, methanol, formaldehyde, foratid, ammonia) is formed in the
solid phase through surface reactions (Hiraekal. 1994, Watanabe & Kouchi 2002a,
Fuchset al. 2009, Miyauchgt al. 2008, loppolct al. 2008, Mataet al. 2008, Dulieuet al.
2010, Obaet al. 2010a, loppolaet al. 2011a, Noblest al. 2011, loppoloet al. 2011b,
Loeffler et al. 2005, loppoloet al. 2009, Raut & Baragiola 2011, Fulvi al. 2012,
Linnartz et al. 2011). The focus in this paper is on a new UHWipeable to study atom
and radical addition reactions in interstellar idesrecent years, the formation of a number
of molecules was proven upon CO; @nd Q hydrogenation, yielding €O, CHOH,
H,0,, and most importantly 40 (Watanabe & Kouchi 2002a, Fuattsal. 2009, Miyauchi
et al. 2008, loppolcet al. 2008, Mataet al. 2008, loppolct al. 2010, Cuppest al. 2010,
Mokraneet al. 2009, Romanzimet al. 2011). Also more complex species such as ethanol
(CH3CH,OH) upon ethanal hydrogenation (Bisschetpal. 2007a) and hydroxylamine
(NH,OH) following NO hydrogenation (Congigt al. 2012a, Congiuet al. 2012b,
Fedoseewet al. 2012) have been shown to form in the solid stEbe. latter is a potentially
important prebiotic precursor of glycine afdhlanine (Blagojeviet al. 2003). Not only
reaction products have been determined in this veay,also the underlying reaction
schemes have been characterized as well as theéndence on a number of variable
parameters, such as temperature, H-atom flux, @@mhology (mixing ratio, thickness, and
structure). It is found that the chemical processeslved are far from trivial and this only
gets more complicated when ice mixtures are stufl@aboloet al. 2009a, loppolat al.
2009b, Fedoseest al. 2012).

The majority of these experiments have been rahliing setups in which a single
atom/radical source is available for ice processifhgis comes with restrictions, as
reactions are limited to one specific impactingcspe A second beam line offers much
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additional potential,i.e., the simultaneous or sequential bombardment oficanwith
different constituents, for example H- and D-ataimsstudy isotopic effects, or H- and
O-atoms or H- and N-atoms to combine hydrogenatiith oxygenation or nitrogenation
reactions, in order to grow more and more complexdeoules. The new SURFace
REaction Simulation DEvice allows ice depositioningstwo deposition lines and
comprises two separate atom beam lines for iceegsieg. In the following, the setup is
denoted as SURFRESIBEThis next generation UHV setup has been constmusith the
specific aim to “unlock the chemistry of the heas/eby studying molecular complexity in
interstellar ice analogues upon atom/radical aslditeactions.

The focus here is on a quantitative characterinadiothe experimental properties of
SURFRESIDE, using a new approach to fully characterize atimes. Its performance is
demonstrated through different reactions in the resulting in CQ formation. Solid
carbon dioxide is found in relatively large abuncizsw.r.t. water ice, typically at the level
of 13-29% towards high- and low-mass stars, sea@dieal. (2011). Consequently, it
offers an excellent tracer to characterize the dtenhistory of the interstellar medium,
provided that its formation scheme is well undesdto

2.2 System description

SURFRESIDE consists of three distinct UHV chambers (Fig. 2lf)the main chamber,
ices are deposited with monolayer precision ancdtgssed at astronomically relevant
temperatures. Reflection-Absorption Infrared Spextopy (RAIRS) and Temperature
Programmed Desorption (TPD) are used as analytmals to characterize the ice
composition. In the other chambers different at@urees are mounted for the controlled
production of well-characterized atom (moleculagaims. Shutters separate the beam line
chambers from the main chamber and allow an indigrenoperation of the individual
beam lines.
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Figure 2.1. A schematic top-view of the experimental apparatus
2.2.1 Main chamber

The custom-made ultrahigh vacuum 304 stainles$ iste@ chamber has a diameter of 30
cm and is provided with eight lateral CF 35, twtefal CF 16, one top CF 63 and one
bottom CF 200 flange connections (#1 in Fig. 2.A).gate valve connects the
bottom-flange with a 260 I/s (forNturbomolecular pump (Pfeiffer Vacuum, TMU 261P).
The CF 35 lateral flanges are used to connect #ia ohamber to the two atom lines (#8
and #12 in Fig. 2.1), an active cold cathode trattem(Pfeiffer Vacuum, IKR270) for
pressure readings in the 5-¥0- 0.01 mbar range, and a quadrupole mass sped¢#pme
(QMS; Spectra - Microvision Plus; #3 in Fig. 2.T)wvo CF 35 windows are used for in-
and out-going light from a Fourier transform infrdr spectrometer (FTIR; Agilent
Technologies Cary 600 Series; #4 in Fig. 2.1). file CF 16 flanges are used as inlet for a
double ice deposition dosing line (#11 in Fig. 2uhile a differentially-pumped (Leybold
Vacuum, TW 300)4 rotatable stage (0°-360°) connects the top-flatmea helium
closed-cycle refrigerator (ASR Inc.; #2 in Fig. 2.1

The room temperature base pressure of the mainhevai in the low 10° mbar
regime. An optically-flat gold-coated copper subr(2.5 x 2.5 cf) is placed in the
center of the main chamber and is in thermal contéit the cold finger of the helium
closed-cycle cryostat. The gold surface is notasgntative for interstellar grain surfaces,
but it is an effective heat conductor, highly refiee in the mid-infrared, and chemically
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inert, i.e., the substrate plays no role in catalyzing chehmeactions or processes at the
substrate surface. Moreover, ice thicknesses gueEally more than ten monolayers,
reducing the role of the substrate. Therefores ivéll suited to study interstellar relevant
reaction routes that occur on and in ice samplé® Jubstrate temperature is varied
between 12 and 300 K with a relative precision .&f K through a cryogenic temperature
controller (LakeShore model 340). To achieve termpees as low as 12 K an aluminum
thermal shield kept at ~77 K surrounds the colddinand the back-side of the sample. The
temperature of the sample is changed and monitbyedneans of heating wires and
thermocouples, respectively. The heating wiresnazanted around the cold finger close to
the substrate, while the two KP-type thermocouples connected above and below the
gold substrate. The absolute temperature accugabgtter than 2 K. This is checked by
monitoring the well known desorption temperaturevaifitile species like for instance CO,
N,, and Q (Acharyyaet al. 2007).

An all metal high-vacuum stainless steel ice defmsdosing line is used to prepare,
store and introduce gas mixtures into the main ¢leamThe pressure in the deposition
dosing line is monitored mass independently by medran active capacitance transmitter
(Pfeiffer Vacuum, CMR361) in the range betweendhdl 1100 mbar. Lower pressures are
monitored with an active Pirani transmitter (Pfeifivacuum, TPR280) (5-1bto 1000
mbar). The deposition dosing line is first pre-peahpvith a diaphragm pump (ABM, VDE
0530) and then with a 180 I/s (fop)Nurbomolecular pump (Pfeiffer Vacuum, TPH 180H)
to reach low pressures (<5-f@nbar). Gaseous species are admitted into the chaimber
through a dosing line comprising of two separatenaital leak valves connected to gas
reservoirs. Therefore, different gases can be peepand stored in two different sections
of the dosing line and then deposited separatelimultaneously onto the gold substrate.
Deposition proceeds under an angle of 90° and i&8hectively, and with a controllable
flow between 10 and 10” mbar §*, where 1.3-16 mbar §* corresponds to 1 Langmuir
(L). Gas-phase species are monitored during deépositass spectrometrically by means
of the QMS, which is placed behind the substratkmpunted opposite to one of the two
atom lines.

2.2.2 Analytical tools

Ices are monitoreth situ by means of RAIRS using the FTIR, which covers rfwege
between 4000 and 700 cm-1 (2.5—dM). A spectral resolution between 1 and 4 tin
generally used and between 128 and 512 scans addeal. The infrared beam coming
from the FTIR is slowly diverging. Therefore, aissrofi/4 precision gold-coated mirrors
(Edmund Optics and Thorlabs) is used to focus #arbonto the gold substrate (#5 in Fig.
2.1). The first one (M1) is a spherical mirror wahdiameter of 76.2 mm and an effective
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focal length (EFL) of 762 mm. This mirror is usedl dently converge the beam. The
second (M2) and the fourth mirror (M4) are flat mis, while the third one (M3) is a
spherical mirror with a diameter of 75.0 mm andedL of 500 mm. The latter focusses
the beam onto the substrate with a glancing angte8t The main chamber mounts two
Zinc Selenide (ZnSe) CF 35 view ports that act sacum seal and allow the IR beam to
enter and leave the chamber with a transmissio&6>@5the range between 4-2M. The
out-going beam is then focussed into a narrow kardl LN2 cooled Mercury Cadmium
Telluride (MCT; #7 in Fig. 2.1) detector by mearisad®0° off-axis parabolic gold-coated
mirror (M5) with a diameter of 50.8 mm and a reftgt EFL of 50.8 mm. The external
optics and the detector are mounted in metal b@@é Fig. 2.1). These boxes as well as
the FTIR are purged with dry-air to minimize atmlespc absorptions.

Two different experimental procedures are appligtenv using the FTIR. During
pre-deposition experiments, ices are first depdsitento the gold substrate and
subsequently exposed to atoms. To detect newly €dristable solid species, RAIR
difference spectra are acquired during atom expgosuith respect to a background
spectrum of the initial deposited ice. In co-deposiexperiments, molecules and atoms
are simultaneously deposited onto the substrate fditmation of intermediate species and
final products is controlled by changing the degmabkimolecule/atom ratio. In this case,
RAIR difference spectra are acquired during co-déjmm with respect to a background
spectrum of the bare gold substrate.

At the end of the atom exposure a TPD experimentbeaperformed: the sample is
heated linearlyi(e., with a constant rate between 0.1 and 10 K/mih}He ice is fully
desorbed. The thermal desorption can be followesttspscopically by using the FTIR.
Alternatively, the sample can be turned 135° tcefétie QMS. In this way, gas-phase
species thermally desorbed from the ice are maitomass spectrometrically. The
desorbed species are recorded as a function ofetatope by the QMS, which produces a
signal proportional to the number of incoming males as a function of their mass to
charge ratio (m/z). The incoming molecules firsteerihe ion source of the QMS, where
they are ionized through electron bombardment bgtedns released from a hot filament.
The resulting ions are then focussed, selectecdardted onto a Faraday detector, which
collects the ions directly, allowing the ion currém be monitored. Alternatively, for higher
sensitivity, a Channel Electron Multiplier (CEM)rcée used. This type of detector is a
Secondary Electron Multiplier (SEM) in which a largegative potential ( ~2000 V) is
used to attract the ions into the channel entrafte.channel is coated with a material that
readily releases secondary electrons upon ionfeled@npact. This produces a cascade of
electrons down to the channel which can be deteeftiter as an electron current, or as a
series of pulses.
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TPD combined with a QMS is a sensitive techniqus,itthas several disadvantages:
surface reaction products that remain in the sufliglse cannot be probadsitu; additional
surface reactions during the TPDe( during the linear heating of the ice and before
complete desorption of the species) cannot be dediuquantifying the desorbing species
is not trivial as some of the interesting speciagehequali(e., undistinguishable) masses
and the analysis of the fractionated componentpeties upon electronic bombardment is
not always straightforward. Finally, a TPD expenimaherently involves the destruction
of the ice. Therefore, QMS data are mainly usea herconstrain RAIRS data acquired
during atom exposure of the ice.

2.2.3 Dataanalysis

After fitting the infrared spectra with connecteagyht baseline segments, the column
densities (molecules ¢A) of newly formed species can be determined froeitkegrated
intensity of their infrared bands using a modifieaimbert-Beer equation (Bennedt al.
2004):

f A(v)dv
N, = T,

where Af) is the integrated absorbance @dis the corresponding band strength. This
equation can, however, only be used for thin igers. Teoliset al. (2007) showed that the

proportionality between the optical depth and tte abundance breaks down for thicker
layers (~20 ML onwards); the integrated band arszllates as a function of the layer
thickness due to optical interference that is cdubg the reflection at both the

film-vacuum and film-substrate interfaces.

Since literature values of transmission band stfengannot be used directly in
reflectance measurements (Greenler 1966), an appafesorption strength of stable
species has to be calculated from calibration éwxpens. The determination of this
apparent absorption strength is setup dependerdrefite we performed a series of
isothermal desorption experiments for the new agparintroduced here to derive these
values. Briefly, a layer of the selected ice is aigfed at a temperature lower than its
desorption temperature. The sample is then lingaelgted to a temperature close to its
desorption value. Infrared spectra are acquiredlagly until the desorption of the ice is
complete. The transition from zeroth-order to fostler desorption is assumed to occur at
the onset to the submonolayer regime and appeattseimlesorption curve as a sudden
change in slope (see Fig. 2.2). The apparent afisorptrength in cit ML is then
calculated by relating the observed integrated tovela ML in the modified Lambert-Beer

2.1)
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equation. We estimate the uncertainty of band gtrendetermined in this way to be large
but within 50% (also see Fuchisal. 2009, loppolat al. 2011, Frasest al. 2001).

The determination of the band strength allows foguantitative study of stable
species formed upon atom exposure of the ice. iBhimostly the case in pre-deposited
experiments. Isothermal desorption experimentssfable intermediate species cannot be
performed and therefore their band strengths cammalerived. Thus, a qualitative study is
generally performed in co-deposition experimentgmghunstable species are frozen in ice
matrices and then detected in the infrared. Indhge, formation trends of detected species
are followed by integrating the corresponding bareh as a function of timee., without
calculating column densities. As a consequence, fonination trends of the same species
obtained under different experimental conditioeg.( ice temperature, atom flux, ice
composition) can be compared, but this still alldeslerive valuable information on the
involved reaction network.
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Figure 2.2. The decrease in integrated absorbance of folwing desorption at a constant temperature

of 82 K. The arrow indicates the transition ponori the multi- to sub-monolayer regime.
2.2.4 Atom beam lines

Two different atom sources are used, one (HABSg¢thas thermal cracking, and the other
(MWAS) using a microwave discharge (#9 and #13 i B.1). The two custom-made
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atom line chambers present identical geometricatatteristics (see Figs. 2.3 and 2.4):
they are both pumped by 180 I/s (fog) Nurbomolecular pumps (Varian, TV 301 NAV);
their room temperature base pressure is in the Hgl mbar regime (micro ion gauges,
Granville-Phillips); they both are situated under angle of 45° with respect to the
substrate, both during single or simultaneous digeraa shutter is used to separate the
lines from the main chamber; and a quartz pipelasqu after the shutter and along the
path of the dissociated beam. The nose-shaped dbtime pipe is designed to efficiently
guench the excited electronic and ro-vibrationatest of species through collisions with
the walls of the pipe before they reach the icepanThe geometry is designed in such a
way that this is realized through at least fourlwallisions of the atoms before leaving the
pipe. In this way, “hot" species cannot reach teedirectly.

Two separate all metal dosing lines are used tpgpesand inlet pure gasses and
mixtures into each of the atom sources (#10 andi#18ig. 2.1). The dosing lines are
pre-pumped with the same diaphragm pump that isl @ise evacuating the deposition
dosing line. Each of the atom lines is then pumpwét a 70 I/s (for N) turbomolecular
pump (Pfeiffer Vacuum, TMU 071P). The room tempematase pressure of these lines is
< 1.10° mbar and is monitored by means of a compact psoies gauge for each line
(Pfeiffer Vacuum, IMR 265).

2.241HABS

An all metal precision leak valve is used to admitD, molecules (99.8% purity, Praxair)
from the all metal dosing line into the capillarfyaowell characterized and commercially
available thermal cracking source, a Hydrogen AtBeam Source (HABS, Dr. Eberl
MBE-Komponenten GmbH), see Tschersich & von Bori898), Tschersich (2000),
Tschersiclet al. (2008), which is used to hydrogenate/deuterae#mple through heating
the capillary from 300 to a maximum of 2250 K bgwrounding tungsten filament (see
top-box in Fig. 2.3). During experiments the H # (B + D) flow through the capillary
and the temperature of the tungsten filament antraibled and kept constant by adjusting
the all metal valve position and the voltage of gmver supply of the HABS (Delta
Elektronika, SM 7020-D). The temperature of tharfient is monitored by means of a
C-type thermocouple placed close to the filameuditiaside the internal thermal shield. To
prevent melting of components a water cooling sysiteimplemented into the source, in
thermal contact with an external copper thermatldhiThe temperature of this shield is
controlled with a second C-type thermocouple. TRBH is used in horizontal mode.

A wide range of atom beam fluxes is accessible whib source by changing the
pressure in the capillary pipe and/or the tempeeadfithe filament. Typically values cover
a range from 19 to 102 atoms cri?* s . Atom fluxes are measured at the sample position
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in the main chamber, following a procedure descrilpesection 2.2.5.1 (also see Berjh
al. 1999, Hidakat al. 2004, loppolet al. 2010).

As aforementioned, a quartz pipe is placed aloegptith of the beam.§., after the
shutter and before the sample in the main chambeaol the beam to room temperature.
Previous experiments with liquid nitrogen coolednatbeams did not show any H/D-atom
temperature dependence in CO hydrogenation reagtmesses compared to experiments
at room temperature (Watanabe & Kouchi 2002a} itportant to note that the relatively
high temperature of 300 K of the incident H/D atdmsur experiments does not affect the
experimental results, since H/D atoms are thermadljsted to the surface temperature
before they can react with other species throughghaiir-Hinshelwood mechanism, as
shown in Fuchst al. (2009), Hidakat al. (2007), Watanabet al. (2006).
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Figure 2.3. A schematic side-view of the atom line (HABS) witte thermal cracking H/D atom source

and the main chamber

2242 MWAS

A Microwave Atom Source (MWAS, Oxford Scientificdtis included in the second atom
line to produce beams of different atoms and rasli@g., H, D, O, OH, OD, N). Figure
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2.4 shows a schematic diagram of the MWAS. A 2.#& Gnicrowave power supply
(Sairem) produces up to 300 W that are coupledanticrowave cavity. Along this path a
circulator is placed to avoid that the back-reflelcipower enters the power supply. A
custom-made double tuner is placed after the @touland before the microwave cavity to
minimize the back-reflected power that ultimatedydissipated in a resistor. Part of the
back-reflected signal is monitored by means of adilloscope (Tektronix, TDS 2012)
connected to an attenuator and a crystal dete&tatgch Industries). An antenna (coaxial
transmission line) connects the microwave cavityatdoron nitrite chamber in which
gasses enter through the all metal precision lehkewof the dosing line (see top-box in Fig.
2.4). A plasma is created in a coaxial waveguidecbypling a radially symmetric
2.45 GHz microwave field to ions on the 86 mT scefaf a multi-polar magnetic array
(permanent magnets). The plasma is enhanced bgigbron cyclotron resonance (ECR)
effect. A water cooling system keeps the sourcepanticularly the antenna close to room
temperature. Moreover, the absence of a hot filampermits operation with most gases
including reactive gases such as oxygen and nitroge

A specially designed alumina aperture plate allogactive neutrals to escape from
the plasma. The addition of an ion-traipe.( two metal plates charged by a Oxford
Scientific DC power supplier) can deflect the residion content from the beam,
preventing ion exposure of the sample. All the tetegcally and ro-vibrationally excited
species coming from the source are quenched throogltiple collisions on passing
through a quartz pipe before they reach the sanipféerent plasma cavity pressures
and/or different plasma power values give accesswide range of atom fluxes, typically
between 18 and 18° atoms cri¥ s. These numbers depend on the dissociated species
(see next section).
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Figure 2.4. A schematic side-view of the atom line (MWAS) witte microwave plasma atom source and

the main chamber.
2.25 Beam flux determinations

In order to measure the absolute D-atom fluxe$i#®BS and MWAS in the main chamber,
the gold substrate is removed and the inlet of @S is placed at the center of the
chamber facing the two atom lines, exactly at #mes position and with the same angle
that the substrate has when the ice is depositécegposed to atom beam bombardment
(see also Hidakat al. 2007, loppoloet al. 2010). Since the sensitivity of the standard
1-200 amu QMS does not allow an accurate measutesh@mass 1 amu, we measure the
absolute D-atom fluxes instead of the H-atom fluf@sHABS and MWAS by following
the aforementioned procedure. H-atom fluxes are fttherived from the H/D ratio as
obtained in selected experiments discussed inose2tl.5.1.

The other MWAS absolute atom fluxesg(, oxygen and nitrogen) cannot be measured
mass spectrometrically because the background Isfgmma the fractionated molecular
species coming from the molecular component obdam and the residual gas in the main
chamber interferes with the signal coming straifioim the atom beam. Therefore,
effective O/N-atom fluxes are derived at the icdame by using a new calibration method
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described here for the first time and based on urgws the formation yield of final
products of barrierless surface reactions (se¢ossc?.2.5.2 and 2.2.5.3).

2.2.5.1 H/D-atom beam fluxes

The D-atom and P molecule fluxes for both HABS and MWAS are meadul®y
monitoring masses 2 and 4 amu, respectively. Omeeaurce is turned on, an increase in
intensity of the D atoms is monitored with the QMBhe QMS measurements do not
directly give the D-atom flux values. However, therease in intensity of the QMS signal,
AQp, is proportional to the increase in pressure @rtfain chamber\Pp:

AP_=aAQ_. (2.2)

The setup specific proportionality factor a is mead from eq. (2.2) by introducing
in the main chamber Dmolecules instead of D atoms. The choice gfidDgiven by the
fact that the factor a is independent of gas speeiad that the D-atom beam contains a
significant amount of undissociated, holecules. Therefore, an exact measurement of
APp is not trivial, while APo, can be easily measured. The absolute D-atom flaxes
subsequently obtained from the following expression

_ cDAPD<v> cDaAQD<v>
T AT T AT (2:3)

where ¢D is the calibration factor for the pressgmege for D atoms taken from the
specificationsyv) is the thermal velocity of the D atoms at 300 K,i& the Boltzmann
constant, and T is the D-atom temperature. Diffef@eratom fluxes are obtained by
varying the filament temperature and/or theifdet flow with the HABS, and by changing
the plasma cavity pressure and/or plasma power ththMWAS. Figure 2.5 shows the
D-atom flux values produced by the HABS (left paregid by the MWAS (right panel), as
measured at the substrate site for different paemsettings. The relative error for D-atom
fluxes (HABS and MWAS) is within 10%. The absol@eor is within 50%. These errors
may seem large, but it should be noticed that bt fluxes at the ice surface are actually
determined experimentally, whereas in previousistuthese numbers are generally only
estimated.

Since an absolute H-atom flux cannot be directhasoeed, the comparison between H-
and D-atom fluxes is difficult. We compared the(: and O, formation rate upon ©
hydrogenation and deuteration, which is flux depengdin two identical 25 K experiments
for both the HABS and the MWAS. The,®, formation rate was found to be a factor of
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~2 higher than the f0, formation rate for both sources. This value condirour previous
finding in loppoloet al. (2010) and is used here to scale H-atom fluxéis an uncertainty
of 50%. This simplistic way of measuring a scalfagtor between H- and D-atom fluxes
does not however take into account that H and Dnatean differ by (i) sticking
probability onto the surface, (ii) hopping rateéi) (HO, + H (DO, + D) branching ratio and
reaction barrier, (iv) desorption probability, afW recombination probability with other
H/D atoms. Therefore, a new method for the deteation of the H-atom fluxes, based on
trapping H and D atoms inside an i0e matrix, is used in a future work to determihe
effective H/D-atom fluxes at the ice surface. Inefyrthe reaction H + ©— HO; is
barrierless under certain incoming angles in the ghase. During co-deposition
experiments, the angle dependence has a negliglilylical importance since the oxygen
beam provides ©molecules with a range of different orientationnsttee surface before
they can align Lambert al. (2013). Therefore, the amount of HIO,) formed in the
ice is proportional to the H- (D)-atom flux, and/gé us an estimate of the effective fluxes
at the cold surface. Preliminary results show that trends found in Fig. 2.5 for the
D-atom fluxes are reproduced for the H-atom fluassvell, but an exact ratio between the
H/D fluxes is still to be determined and will na discussed here.
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Figure 2.5. D-atom flux values as measured for the HABS fbaftel) and the MWAS (right panel) at the

substrate place for different parameter settings.
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2.2.5.2 O-atom beam fluxes

The effective MWAS O-atom fluxesi.€¢., oxygen atoms directly involved in surface
reactions) are derived by measuring the final coluensity of newly formed ozone ice
after co-deposition 0O atoms and®0, molecules at 15 K. The reaction ® O — O is
barrierless (Campbell & Gray 1973, Lin & Leu 1982)d therefore, we can safely assume
that most of the oxygen atoms available for reactio the surface will recombine to form
ozone ice. Co-deposition experiments are usedderdo avoid limitations in penetration
depth of oxygen atoms into molecular oxygen ice.

Final fluxes are calculated from the knowledge haf turation of O-atom exposure,
the number of monolayers ofsdormed upon reaction, and assuming 1 ML =2°10
molecules cnf:

Ny x 101
fx = —

- e v (4.4)
exposure time

where £ is the O-atom flux, antlly = No, = °0'%0*0 + *°0'°0" 0 in monolayers. We
do not count thé°0; contribution three times because sdfi@; is not likely to be formed
through the sequential merging’8® atoms on the surface of the ice. Most of i@ can
indeed form in the quartz pipe through recombimat6'°0 atoms (see section 2.2.4.2), or
it originates from a not fully dissociated beam,imhain the case that°0 atoms form
through dissociation of°0, gas molecules. The overall contribution 6®, originating
from the atom line is considerably smaller whex®Ns used instead ofo, as a precursor
gas to product’O atoms. This can be checked by comparing the anwdfO; formed in
the ice in co-deposition experiments*® (from°0,) + 0, at 15 K with the amount of
%0, formed in similar co-deposition experiments wifild from N,O. Moreover, the
amount of'®0; can be controlled by changing the ratf®/®0,. An over-abundance of
80, minimizes the amount dfO; formed in the ice becaud®0 atoms react mostly with
80,. A negligible amount ot°0; in the co-deposition experiments gives; N 000,
and therefore a more direct and accurate O-atoxvillue. This is true, especially when
180 atoms are obtained from ,®. Finally, the non-detection of the other ozone
isotopologueseg., 1¥0™0'°0, 000, or **0'¥0™0) in our experiments indicates that
isotopic exchange induced by surface destructiantians, like @ + O — 2 O,, is under
the detection limit. Therefore, our method can afelg used to characterize the O-atom
beam fluxes produced by the MWAS.

To quantify the amount of ozone produced in the gexy flux-determination
experiments, we derived the absorption band stheafjpzone in two different ways: (i)
performing an isothermal desorption experiment escdbed in section 2.2.3 (see left
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panel of Fig. 2.6); (i) measuring the consumptioh ozone through hydrogenation
reactions and assuming that hydrogen can peneméfeup to 2 ML of ozone ice. In the
first case, in order to determine one monolayeyzoine, we first produc€0™®0*0 during

3 hrs of co-deposition 0O and*®0, at 35 K. Subsequently, an isothermal desorption
experiment is performed at 58.5 K. From the offsetween zeroth-order and first-order
desorption we estimate the band strengtf@t?0'0. In the second case, a co-deposition
of *0 and®0, at 15 K is performed for 3 hrs to form agaf®'?0'0. The ice is then
annealed to 50 K in order to remove the molecukggen and to realize a pure ozone ice.
The °0*0™0 ice is then exposed to H atoms at 15 K to mortherdestruction of the
ozone layer. Assuming that only ~2 ML of ozone ace fully hydrogenated, Romanzh

al. 2011 derive the number of ozone molecules destroypon hydrogenation per
monolayer, which gives us back the apparent baethgth for*°0'0'0. The final band
strength for ozone is confirmed within 30% of unamty by the two different methods.

To verify that 1 ML of ozone is destroyed by 1 ME 1d or D atoms (following
reaction Q + H/D — O, + OH/OD), and that our calibration methods usecke hi®
determine the D/H/O/N atom fluxes lead to cohernesstults, we performed a control
experiment. A new co-deposition 80 and*®0, at 35 K is performed for 40 minutes to
form ~2 ML of **0*0"0 ice. The ice is then heated up to 50 K in orderave a layer of
pure ozone ice. ThPO™0™0 ice is then exposed to D atoms at the same textperto
monitor the destruction of the ozone layer verfigstime of exposure. We use D atoms
instead of H atoms, because the deuterium fluxaseraccurately determined, as described
before. Moreover, at 50 K secondary reaction prtgjulike G, will desorb without
reacting with D atoms and therefore leaving maidjyon the surface to be processed. The
right panel of Fig. 2.6 shows three infrared sgeofrozone ice at different thickness in the
range of the;s mode (see Table 2.2). These spectra are acquiratgcdthe deuteration of
the ~2 ML of*®*0'™0"0 ice. The central panel of Fig. 2.6 shows thegirstted absorbance
of 000 versus the D-atom fluence. The left panel shole aforementioned
isothermal desorption experiment of @e at 58.5 K used to identify the integrated
absorbance of solid {hat corresponds to 1 ML of thickness. From thevidedge of the
ozone apparent band strength and the data shothie irentral panel of Fig. 2.6, we derive
that 1 ML of Q is consumed by ~1.5 ML of D atoms, which is withire experimental
uncertainties of apparent band strength and D-#tondetermination.

The '®0; apparent band strength is obtained from the adeildata for°0*?0'%0 for
our setup and the ratio between the transmissind baengths fot°0; and*0™00 (for
the transmission band strength values see Sivaramnah (2011). According to eq. 4
standard O-atom fluxes span in the range betweéhar@ 16? atoms cri¥ s*. The
O-atom flux values shown in Table 2.1 have to besitered as lower limits because (i)
fluxes are derived indirectly (effective fluxes)) 6ome of the'®0 can recombine on the
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surface of the ice, and (iiffO, can potentially not be further oxygenated to faymone
because it is trapped into th#0, matrix. The dissociation rates shown in Table & ar
obtained by comparing the undissociated molecwarponent of the bean.€., N,O, O,

N,) measured mass spectrometricallg. ( with the atom source on and the QMS placed at
the center of the main chamber) with the O- anddwraflux values as derived in sections
2.2.5.2 and 2.2.5.3, respectively.
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Figure 2.6. The left panel shows the isothermal desorptioregrgent of Q ice at 58.5 K. The central
pannel shows the destruction of ~2 ML thick i@e versus the D-atom fluence at 50 K. In botl &efd
center panel, the lines and the circle are usegliide the eye. The right panel shows selectedridra

spectra of ozone deuteration at 50 K for diffeieatthicknesses in the spectral range ofifraode.

2.2.5.3 N-atom beam fluxes

As for the MWAS O-atom fluxes, the determinationedfective nitrogen-atom fluxes is
obtained indirectly by measuring the final columensity of newly formed dinitrogen
trioxide (N,Os) ice after co-deposition dPN atoms and NO molecules at 15 K. In this
particular experiment, a sequence of barrierlessyéoy low barrier) surface reactions is
involved in the formation of pD; (Campbell & Gray 1973, Schieferste@h al. 1983,
Markwalderet al. 1993): N + NO— N, + O, NO + O— NO,, and NQ + NO — N,Os.
Therefore in this specific case, N-atom fluxes directly proportional to the amount of

-390 -



N,O; formed in the ice, and are determined by usind24), where £ is the N-atom flux,
and Ny = NN,o; which is the amount of monolayers o4 formed in the ice after a
certain time of N-atom exposure.

As in section 2.2.5.2, we use two different methtmdebtain the apparent,8; band
strength. In particular, two new co-deposition ekpents of NO and ©are performed at
15 K. Also in this case JD; is formed through surface reactions. The ice abthifrom
these two experiments is in both cases heated wniove the NO trapped in the ice. In
one of the two experiments, the ice temperaturthésm kept at 121 K to monitor the
desorption of MO; (isothermal desorption experiment). From this expent we obtain
the band strength for s, as discussed in the latter sections. In the skegperiment, the
ice is cooled down again to 15 K and subsequenftirdgenated to see the destruction of
N,Os. The penetration depth of hydrogen intgOhlice is expected to involve only a few
monolayers, as for CO, and NO ice (Romanzet al. 2011, Fuchst al. 2009, Fedoseev
et al. 2012). Therefore, assuming that only ~2 ML gfOblare consumed by the surface
hydrogenation of the ice, we can estimate the lsrmhgth of NOz; which is found to be
consistent with the value obtained from the isatt@rdesorption experiment within 40%
of uncertainty.

The N-atom flux values are roughly one order of nitagle lower than the O-atom
values (see Table 2.1). As explained in section22 these values are all lower limits,
because of the way the fluxes are derived. In fhexific case of nitrogen fluxes, the
formation of NOg is a three step reaction, and therefore the simgletant can further react
with the others to form pDs, or alternatively desorb, or be trapped in a NCrima
Therefore, we expect the O- and N-atom absolutefluo be higher than reported in Table
2.1.

Table 2.1. The effective O- and N-atom fluxes as derived fthmformation yields of solid species in the

ice upon barrierless reactions (see eq. 4.4).

Effective atom flux High Dissociation rate  Low Dissociation rate
(atoms cnit s%) (%) (atoms crf s7) (%)
180 from O, 9-16* 8 2.16! 12
%0 from NO 7-16* 19 1-18 10
5N from *N, 9-1d° 0.4 — —
14N from N, 8-1d° 0.4 — —

2.3 Experimental results

In this section we present the first science reslitained with SURFRESIBEn order to
demonstrate its performance and to illustrate ttergial of the experimental setup. Figure
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2.7 shows the IR spectrum bICO co-deposited with oxygen and hydrogen atoms on a
13.5 K gold substraté3cO + O + H). This spectrum is compared to co-dejuosspectra

of *CO and oxygen atom&3CO + 0);*CO and hydrogen atom&’CO + H); and oxygen
atoms and hydrogen atoms (O + H). In all four expents, oxygen atoms are produced by
the MWAS, while hydrogen atoms are formed by theB$A The'*CO deposition rate
(0.0075 ML §%) as well as O- and H-atom fluxes (1*1@nd 1-1&° atoms cri¥ s,
respectively) are kept the same in all the expertmand the spectra shown in Fig. 2.7 are
all acquired after 45 minutes of co-deposition. discussed in section 2.2.5, the O-atom
flux value is an effective flux at the ice surfagéile the H-atom flux is scaled from the
absolute D-atom flux value which is probably highlean the effective flux at the cold
surface. Therefore for instance, the H/O ratio emésd below has to be considered as an
upper limit for H atoms. Oxygen atoms are obtaibgdlissociating BO in the microwave
atom source. This explains the presence of nitrdgeming species in the ice when the
O-atom beam line is used (see Fig. 2.7 and TaB)e 2.

The aforementioned experiments demonstrate thengatya of having a double atom
beam line when investigating surface atom additeactions. The choice of using one or
both atom lines allows us to select, investigatengare, and combine different reaction
channels. For instance, in order to better intérpesults from the simultaneous
hydrogenation and oxygenation of solid CO, it isewsary to first distinguish the single
contributions of the different reaction channéks, O + H, CO + H, and CO + O:

* The O + H spectrum in Fig. 2.7 shows the presefi¢é,O from the not fully (NO)
dissociated O-atom beam. The amount of water forinetlis experiment is around the
detection limit, while HO, is below the detection limit. The limiting fact@n the
production of water ice is the number of O atomailable to react with the H atoms on the
cold surface (H/O ~ 100). After 45 minutes of califidn of O and H atoms, only 0.2 ML
of water can be formed assuming that all the oxyaeailable will react to form water.
Surface formation of water ice through the hydragem of O/Q/O; has been the object
of many recent physical-chemical and astrochemialvant studies (Dulieat al. 2010,
Miyauchiet al. 2008, loppolat al. 2008, Mataet al. 2008, loppolat al. 2010, Cuppeswt

al. 2010, Lambert&t al. 2013, Mokraneet al. 2009, Romanziret al. 2011) and is not
extensively discussed in this paper again.

+  Formaldehyde is clearly present in ti€O + H spectrum (Fig. 2.7), whereas
methanol is not. As previously shown Watanabe & &ovy2002a), Fuchst al. (2009),
formaldehyde and methanol are the main final prtgwef solid CO hydrogenation.
However, methanol is under the detection limit fre texperiment shown in Fig. 2.7
because of the low penetration depth ( ~ 4 ML) yafrbgen atoms into a CO ice Fuddis
al. (2009), as well as a comparable abundance of @ nespect to hydrogen atoms
(CO/H ~ 0.75). The amount of hydrogen atoms avhilab react with CO molecules is
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further lowered by the molecular hydrogen recomtidmaon the surface. Therefore, the
newly formed HCO ice is not further hydrogenated under these raxpatal conditions.
For other conditions (see Fuoktsal. 2009) it does.

«  The ¥CO + O spectrum in Fig. 2.7 is the richest in apton features due to
N-bearing molecules, like J0, NO,, N,Oz, (NO), dimer, and NO monomer. These species
are either coming from the not fully dissociatedatdom beam or are formed through
surface oxygenation of other N-bearing specieserAtitively, O atoms recombine in the
ice with each other to formJ &and Q, or react with CO to form carbon dioxide.

+  The surface reaction products present in8®© + O + H spectrum (Fig. 2.7) come
from the single isolated aforementioned reactiantes as well as from the interaction of
different reaction products with each other. Ozanethanol, and hydrogen peroxide are
under the detection limit, while water ice is stighabove it. Formaldehyde and mostly
carbon dioxide are visible in the spectrum. Theyomitrogen-bearing species clearly
present in the ice is 0. In the’*CO + O + H experiment the final column density ofics
13co, is ten times higher than in the case of @0 + O experiment (see inset in Fig.
2.7).
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Figure 2.7. RAIR co-deposition spectra ofCO, O- and H-atoms on a 13.5 K gold substrate
(top-spectrum in main panéfCO + O + H);®*CO and O-atoms (second spectrum from the RGO +
0); *CO and H-atoms (third spectrum from the t5g,0 + H); and O- and H-atoms (bottom-spectrum, O

+ H). The inset figure shows th#O, stretching mode region for all four experiments.
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The focus of the following section is on the forioatof solid carbon dioxide at low
temperatures through surface reactions inducedhyenergetic processing. The chemical
origin of solid CQ as observed in our experiments is subsequenttysied and placed in
an astronomical context.

Table 2.2. Assigned infrared features with their correspogdigferences.

Position, crit Species Mode Reference

1040 Q V3 Brossetet al. (1993), Chaabourt al. (2000), Bennett &
Kaiser (2005)

1162 H®co va  Wohar & Jagodzinski (1991)

1167 NO 2v,  Dows (1957), Lagiski et al. (2001)

1240 H*co ve  Wohar & Jagodzinski (1991)

1260 NO, Vi1 Holland & Maier 11 (1983)

1289 NO V1 Jamiesoret al. (2005), Dows (1957), Lafski et al. (2001)

1304 NO; vs  Fateleyet al. (1959), Nouet al. (1983)

1497 H*co vs  Wohar & Jagodzinski (1991)

1612 NQ/N,O3 valv,  Fateleyet al. (1959), Jamiesoet al. (2005) / Fatelegt al.
(1959), Nouret al. (1983)

1630 HO v, Hagen & Tielens (1981)

1694 H®co v, Wohar & Jagodzinski (1991)

1737 t-(NO),/N,O, vilvg  Fateleyet al. (1959) / Holland & Maier 1l (1983)

1766 c-(NO)Y/N,O,  vsfvg  Fateleyet al. (1959), Nour et. al. (1984) / Holland & Maier 11
(1983)

1833 X-NO Fedoseest al. (2012)

1850 NO; vy Fateleyet al. (1959), Nouet al. (1983)

1864 c-(NO), vy Fateleyet al. (1959), Nouet al. (1984)

1872 NO (monomer) V1 Fateleyet al. (1959), Nouet al. (1984), Holland & Maier I
(1983)

1888 NO vi+v,  Dows (1957), Lapiski et al. (2001)

2039 3¢t v Loeffler et al. (2005)

2066 3cto v Loeffler et al. (2005)

2096 B¥co vi  Ewing & Pimentel (1961)

2139 co vi  Sandforcet al. (1988)

2235 NO V3 Dows (1957), Lapiski et al. (2001), Jamiesoet al. (2005)

2278 Bco, Vs Berney & Eggers (1964)
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2.3.1 Astrochemical implications

It is generally accepted that due to its low gaasehabundance (GBYCO,*® < 1) carbon
dioxide is formed in the solid phase in the intgtat medium on the surface of icy dust
grains (10-20 K) through surface reactions invajvienergetic €g., UV photolysis,
cosmic rays irradiation, thermal processing) ana-ewergetic processinge.§., atom
bombardment), see van Dishoetlal. (1996), Boonmamt al. (2003). Solid CO is the GO
precursor that has been mostly studied in liteeatlihe most cited surface reaction routes
involving solid CO are:

CO + O— CO,, (2.5)
HCO + O— CO, + H, (2.6)
CO + OH— CO, + H. 2.7)

These reaction routes can be activated by bottgetieand non-energetic processing. For
instance, solid C®Ocan form from the interaction of energetic phofmms and pure CO
molecules or CO-bearing mixtures (Garozz@l. 2011, loppolcet al. 2013, Mooreet al.
1991, Gerakinest al. 1996, Ehrenfreundt al. 1997, Palumbet al. 1998, Satorret al.
2000, Watanabet al. 2002b, Loeffleret al. 2005, loppoloet al. 2009). Solid C@ can,
however, also be formed through photolysis/radislgé amorphous carbon capped with a
layer of water or oxygen ice (Mennel& al. 2004, Mennellaet al. 2006, Gomis &
Strazzulla 2005, Rawt al. 2012, Fulvicet al. 2012).

In space, thermal atom-addition induced chemistimore dominant in quiescent cold
interstellar regions, where newly formed species @otected from radiation to a great
extent by dust particles. In these regions, sof@ €an form through reactions (2.5)-(2.7).
Reaction (2.5) has been investigated experimenitalRoseret al. (2001), Madzunkoet
al. (2006), Rautt al. (2012). Raut & Baragiola (2011) showed that,G@ms in small
quantities during co-deposition of CO and cooledt@ms and @molecules into thin films
at 20 K. The reason for the low ¢@ield is that O atoms react preferentialy with @ t
form O,, and with Q to form Q. The latter experimental findings, also supponsd
theoretical studies (Tallet al. 2006), indicate that the surface reaction (2&s) & barrier of
~2000 K in the gas phase (Slangegel. 1972). Moreover, Goumans & Andersson (2010)
showed that although tunnelling increases the serfaaction rate for reaction ®f + CO
at low temperatures, the onset of tunnelling itoatlow temperatures for the reaction to
significantly contribute to the formation of soli@O, under interstellar conditions.
Therefore, reaction (2.5) is not an efficient Cfdrmation pathway unless energetic
processing is involved. Our laboratory results fritva CO + O experiment (Fig. 2.7) show
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indeed a more efficient production of ozone comgdcecarbon dioxide at 13.5 K, and are
consistent with previous findings.

Solid CG can also form through reaction (2.6) (Ruffle & Bir 2001), which is
experimentally challenging to investigate in théddsphase because other gf@rmation
reaction routes will compete. Moreover, when th© Hatio is in favor of H atoms, the
hydrogenation of CO ice will convert most of the ®Gn formaldehyde and methanol.
Therefore, this route is negligible under our ekpental conditions, and we will further
not consider it in our discussion.

Alternatively, solid CQ can be formed through reaction (2.7), which yiedlddOCO
intermediate. This complex can directly dissocidteming solid CQ and leaving a H
atom, or can be stabilized by intramolecular enetgynsfer to the ice surface and
eventually react with an incoming H atom in a letdss manner to form G@nd H or
other products with a purely statistical branchiatio as theoretically shown by Goumans
et al. (2008). Recently, several independent experinhstidies showed that reaction (2.7)
is an efficient surface CQormation channel without need for an energetputr(Obaet al.
2010a, loppoleet al. 2011a, Noblest al. 2011. In earlier work (loppolet al. 2011a), we
demonstrated with a one beam line system the fiomaif CO, at low temperatures
through reaction (2.7) by hydrogenation of a CObhary ice mixture. In that case, we
used a single H-atom beam line. Here, we are ablmmpare reactions (2.5) and (2.7)
under the same experimental conditions by usingaiem beam lines.

Reactions (2.5)-(2.7) have never been experimgn@dimpared with each other
before under the same laboratory conditions. Spdaly theoretical work investigated
these surface reactions within a larger astroctemeaction network. For instance, Garrod
& Pauly (2011) studied in their three-phase (gafdse/mantle) astrochemical model the
formation and evolution of interstellar dust-grates under dark-cloud conditions, with a
particular emphasis on GOBy including reactions (2.5)-(2.7) in their rdaat network,
they were able to reproduce the observed behafi®€@, CO, and water ice in the
interstellar medium. Furthermore, reaction (2.7)swaund to be efficient enough to
account for the observed G@e production in dark clouds.

Our experimental results confirm the conclusiongnfbin Garrod & Pauly (2011).
The *CO, formed in the™®*CO + O + H experiment is ten times more abundaan tine
13co, formed in the®CO + O experiment. In th€CO + O + H experiment, soltfCO, is
mainly formed through the HOCO intermediate. Uniterse experimental conditions, all
the O atoms will indeed react in a barrierless with H atoms to form hydroxyl radicals
that will either react with another H atom to fok#O, or will react with*CO to form
13C0,. The non-detection of ozone and other N-bearinglpets formed in the ice is due to
the overabundance of H atoms, and confirms thatoths are all used-up to form OH
radicals. Moreover, the presence of formaldehydéeérice indicates that H atoms are over
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abundant with respect to O atoms. Solid HCOOH as@®4 are under the detection limit.
The non-detection of these two species that amddrthrough the hydrogenation of the
HOCO complex and the reaction of the latter witle thydroxyl radical, respectively,
loppolo et al. (2011b) and Obat al. (2010b) indicate that the HOCO complex is
efficiently dissociated in CO+ H under our experimental conditions.

The fact that thé’CO, formed in the"*CO + O + H experiment is ten times more
abundant than th#CO, formed in the'*CO + O experiment indicates that reaction (2.7)
has a lower activation barrier and is faster theaction (2.5). Chang & Herbst (2012)
investigated the surface reaction CO + O + H amotigers by means of a unified
microscopic-macroscopic Monte Carlo simulation oés@rain chemistry in cold
interstellar clouds in which both the gas-phase &mel grain-surface chemistry are
simulated by a stochastic technique. In their modelid CQ is produced mainly by
reaction (2.7), which occurs by a so-called “cheaction mechanism", in which an H
atom first combines with an O atom lying above a @@lecule, so that the OH does not
need to undergo horizontal diffusion to react wit. Their CQ calculated abundances
are in good agreement with observations (Oleee. 2011). Moreover, this scenario is not
far from our experimental conditions, where O andtbins meet to form OH radicals that
then further react with neighboring CO molecules ftom CQ. This shows that
SURFRESIDE is suited to investigate astrochemical relevantase reaction networks.
Chang & Herbst (2012) finally suggested that thikds6O formed in early cold cloud
stages via accretion and surface reactions is ynamverted into C@®through reaction
(2.7). This makes reaction (2.7) to be most likidlg main non-energetic GGormation
route under early cold cloud conditions, where Hrreg are orders of magnitude more
abundant than O atoms (Dupuisal. 2009). Chang & Herbst (2012) also suggested that
the conversion of CO into Gecomes inefficient at later times, where, for lthe-mass
YSO case, there can be a high abundance of almwst O, with some conversion to
formaldehyde and methanol. Under these conditisnbgd CQ, can still be formed via
energetic processing (loppadbal. 2013).

2.4 Conclusions

We have presented a novel and versatile UHV seteigded for the quantitative

investigation of interstellar relevant surface msses under fully controlled conditions.
The system implements a main chamber and two aeambines. Molecules are deposited
in the main chamber onto a cold gold substrates &bkeproduce interstellar dense cloud
temperatures and ice thicknesses. The ice is meditwith a FTIR spectrometer, while gas
phase species present in the chamber are monitgitech QMS. As for interstellar ices in

dense cloud conditions, laboratory ices are exptséld/D/O/N) atom beam fluxes. These
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are accurately determined using a chemical caidrgirocedure. The choice of using one
or both atom lines sequentially or at the same tah@ws us to characterize interstellar
relevant reaction channels in a bottom-up approlcparticular, the design of the system
is suited for the isolation of single surface reattchannels and the comparison of their
efficiency with those of other surface reactionsttlead to the same final products. Here
we demonstrate the potential of the system by stgdyhe efficiency of solid CO
formation through surface reactions induced by aaduiition. We find that under the same
experimental conditions COs formed through the reaction CO + OH more effitly
than through the reaction CO + O. Our results mmgoiod agreement with the most recent
astrochemical models and observations (Chang & 4828612, Oberget al. 2011), and
therefore show that SURFRESIDHBas the potential to solve important questiondiwit
the field of astrochemistry.

The results that we present here illustrate onlg ohthe possible applications of
SURFRESIDE. This system will indeed shine light on severdlestunresolved topics in
astrochemistry, such as the competition betweenroggmation and deuteration of
interstellar relevant species linking planetary Hdbundances to interstellar processes.
SURFRESIDE is ultimately designed to study the surface foiamabf complex organic
molecules (COMSs), sugars, and amino-acids undesrsigllar relevant conditions by
sequential or co-addition of the different reactos@mponents of those species onto the
cold substrate. The use of a double beam line mysteessential to achieve this aim. The
future implementation of these and similar expentakresults into astrochemical models
that take into account astronomical fluxes and staées as well as energetic and
non-energetic processes is needed to understangathevays that lead to molecular
complexity in space.
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