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In this article we describe the design and construction of a laboratory astrophysics experiment that
recreates the harsh conditions of the Interstellar Medi8M) and is used to study the
heterogeneous chemistry that occurs there. The Nottingham Surface Astrophysics Experiment is
used to determine, empirically, accurately, and usually for the first time, key physical and chemical
constants that are vital for modeling and understanding the ISM. It has been designed specifically
to investigate gas—solid interactions under interstellar conditions. The pressure regime is ideally
matched to molecular densities in dusty disks in protostellar or protoplanetary regions. The ultrahigh
vacuum system is routinely capable of obtaining pressures that are only three orders of magnitude
above those in the ISM, with similar relative concentrations of the two most abundant gases in such
regions, H and CO, and an absence of any other major gas components. A short introduction
describes the astronomical motivation behind this experiment. In Sec. Il we then give details of the
design, construction, and calibration of each component of the experiment. The cryostat system has
far exceeded design expectations, and reaches temperatures between 7 and 500 K. This is
comparable with the ISM, where dust temperatures from 10 K have been observed. Line-of-sight
mass spectrometry, reflection absorption infrared spectroscopy, and quartz crystal microbalance
mass measurements were combined into a single instrument for the first time. The instrument was
carefully calibrated, and its control and data acquisition system was developed to ensure that
experimental parameters are recorded as accurately as possible. In Sec. lll we present some of the
experimental results from this system that have not been published elsewhere. The results presented
here demonstrate that the system can be used to determine desorption enthgldieshyonding
systems, and sticking probabilities between a variety of gases and ices common to the ISM. This
instrument will greatly facilitate our understanding of surface processes that occur in the ISM, and
allow us to investigate “mimic” ISM systems in a controlled environment. In this article we
illustrate that laboratory surface astrophysics is an exciting and emerging area of research, and this
instrument in particular will have a major impact through its contributions to both surface science
and astronomy. €2002 American Institute of Physic§DOI: 10.1063/1.1470232

I. INTRODUCTION cesses that occur at the surfaces of interstellar grains are
crucially important, e.g., atomic and molecular adsorption/
Molecular astrophysics has developed rapidly over thejesorption at grain surfac@ssurface-catalyzed chemical
last 25 years, and it is widely recognized that an understandeactions' and energetic surface processiy cosmic rays
ing of the chemical processes that occur in the vast regiongng ultraviolet(UV) radiation.?
of space between stdnterstellar Medium(ISM)] will pro- An ISM dust grain is thought to consist of a silicate or
vide a gateway to understanding key aspects of star and plagarbonaceous core surrounded by a “bulky” molecular ice
etary formatioh and, possibly, to the origins of life itsélf. layer, typically 20 nm in diametefsee Fig. 1 Ices are ac-
The main processes by which interstellar molecules ar@reted either by adsorptidfreeze outfrom the gas phase or
formed and destroyed in the gas phase are now reasonalym reactions between accreted atomic, radical or molecular
well understood, but gas-phase chemistry alone is unable thecies on the grain surface. A number of molecular species
successfully account for the variety and richness of molecupaye been detected in the ISM that could only have been
lar species in the ISM. The presence of dust in the ISM wasormed through surface reactions, e.g., {O#, SG,° the
first inferred from the reddening and polarization of back-energy barrier in the gas phase precluding the reaction from
ground starlight. More recently, the Infrared Space Observagyer occurring. Furthermore, the relative abundance of the
tory (ISO) has provided a wealth of evidence that ice is de-simplest and most common molecule in the universg, H
posited on dust grains in the giant gas clouds in the densgannot be fully explained unless surface reactions are in-
ISM. It is now recognized that physical and chemical pro-cluded in chemical models of our universe. Very little is
currently understood about the prevailing physical condi-
tions: observational astronomers are able to provide us with
dAuthor to whom correspondence should be addressepl; current addre?hapshots of different regions of the ISM at various stages of
Raymond and Beverly Sackler Laboratory for Astrophysics, Leiden Obser- .
vatory, University of Leiden, Postbus 9513, 2300 RA Leiden, The Nether-development, from the diffuse ISM to dense molecular
lands; electronic mail: fraser@strw.leidenuniv.nl clouds. Understanding the chemical evolution of such re-
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Accretion only a few orders of magnitude higher than the typical pres-
Grain provides a by adsorption sure in the dense interstellar medium, and a few orders of
‘catalytic’ surface with  from gas phase magnitude lower than the base pressure in dusty protostellar
awezlz Z;I;Zm{ed and circumstellar disks. Furthermore, the experimental
H vacuum is dominated by Hjust like the ISM. The chamber
Cosmic '. H, is equipped with a number of traditional surface science in-
RayS\ P * UV photons struments, including a Fourier transform reflection—
* HO absorption infrared spectromet@fT-RAIRS), a quartz crys-
H‘% CH,0 4"W\N\N\A, tal microbalance (QCM), and a quadrupole mass
I CH spectrometefQMS). These instruments are used to obtain
NH; H,C0 o 4 . quar_1tit'_c1tive spec_troscopic glat_a and qual?tg_tive_measureme_nts
Heating o, g ." \A’f;l;z:t'; of binding energies and sticking probabilities in astrophysi-
effects Cco P cally relevant surface-adsorbate systems.
J Hzov""".::’v In this article we describe the NOSAE apparatus in de-
desorption Surﬁ;'ce diffusion tail, highlighting those elements of thg expgriment that d|
products brings adsorbed gress from standard UHV surface science instrumentation.

FIG. 1. lllustration of the make up of an icy dust grain in the ISM and the

molecular species into
close contact

typical energetic processes to which it is exposed.

To demonstrate the experiment’s capabilities, preliminary re-
sults from several molecular-ice systems are presented. It is
envisaged that this surface astrophysics experiment will con-
tribute to our fundamental understanding of gas—solid pro-
cesses that occur in the ISM. The experiment will generate
essential basic data for astrophysics as well as stimulating

gions provides us with a major route by which to link all the €W and innovative work in surface physics and chemistry,
observations together. In addition, these regions eventualljarticularly studies of low temperature molecular solids.

collapse under their own gravitational field and form proto-

stellar objects, the precursors to new stars, planets, and solgr EXPERIMENTAL DESIGN

systems. Because this collapse occurs on approximately the
same time scale as the chemical evolution, it is thought that™
chemistry is one of the key driving forces behind the onset of

new star formatiofi.
The provision of data is key to this linking process, spe-steel chambefInstrument Technology Ltdl. pumped by a

A. Overview

A schematic of the NOoSAE is shown in Fig. 2. The ap-
paratus comprises a 30 cm diameter, cylindrical, stainless-

cifically, accurate empirical data pertaining to sublimationliquid N, trapped, 9 in. oil diffusion pumgEdwards High
rates, binding energies, and sticking probabilities of all theVacuum Ltd), and a titanium sublimation pumgnstrument
major molecular and atomic species on astronomically relTechnology Ltd), backed by a mechanical rotary purtipd-
evant surfaces. It is also necessary to identify the key surfaceards High Vacuum Ltd. Access portgdirected toward the
chemical reactions that occur in the ISM, and the energyenter of the chambgrare provided at four levels on the
barriers, reaction rates, kinetic schemes, @nadtases where main chamber, as well as at the top and base, for sample
multiple products are formedranching ratios of such reac- mounting, effusive gas dosing of substrates and adsorbates,
tions. In most modern astrophysical models, molecular consurface analysis, and system monitoring. A base pressure of
stants from gas-phase experiments are employed, these beibgtter than X 10~ 1° mbar is routinely achieved after baking
the only data available. This leads to a gross misrepresentat 120 °C for between 48 and 72 h. The chamber is equipped
tion of the chemical evolution, with certain key reactions thatwith a differentially pumped, precisioiXYZf manipulator
may only occur at surfaces being ignored, and overrepreseri€aburn—-MDC Ltd. that supports an UHV compatible
tation of the production and abundance of other chemicatlosed-cycle helium cryostdAPD Cryogenics that is ca-
species. Laboratory surface astrophysics also provides qualpable of reaching temperatures below 10 K. The substrate is
tative information on the physical and chemical effects that gold-coated quartz crystal, which is one half of a heteroge-
astrophysical processes have on accreted ices. In particularpous QCM, designed specifically for this experiment and
the thermal processing of accreted ices is a key evolutionargapable of working at cryogenic temperatut&sxford Ap-
indicator in the ISM that provides information on the ener-plied Research Ltdl. Molecular ices are growim situ by
getic history of the ice mantles during star birth and proto-direct vapor deposition from the gas phase. Gases are mixed
stellar evolution. on a dedicated gas handling line, and then introduced into the
The Nottingham Surface Astrophysics Experimé@do-  chamber via a pair of fine control leak valv@4G Ltd.). The
SAE) was designed and constructed to address these issu@sass of the deposited film can be measured directly using
Operating at ultrahigh vacuufUHV) pressures and cryo- the QCM. The chamber is also equipped with two differen-
genic temperatures, the experiment mimics the harsh condiially pumped infraredIR) windows for surface analysis by
tions found in ISM regions in a controlled environment. The FT-RAIRS (BioRad. A dedicated temperature control sys-
system reaches temperatures of 10-500 K, similar to tentem and a line-of-sight configured quadrupole mass spec-
peratures in ISM, protostellar, and circumstellar disk envi-trometer (Hiden Analytical Ltd) are fitted for temperature
ronments. The base pressure is better tharl@ '° mbar, programmed desorptiofT PD) measurements. A hot-cathode
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mass / gate| | Sublimation Chemistry, University of Nottingham. A schematic of the
/ valve —  PUTP i in Fi
spectrometer / T system is shown in Fig. 3.
/ x;rg Two, 8 mm diameter AT-cut quartz crystals, with reso-
4 ion gauge nant frequencies of around 15 MHz, are mounted in close
Bl e proximity to each other. The crystals are incorporated into a
standard Colpitt oscillator circuit, using discrete components,
FIG. 2. Schematic of the NoSAE from tle) top and(b) side. and the capacitance tolerances across the crystals are deter-

mined byin situ testing. To achieve UHYV, it is necessary to
bake the whole system, including the QCM, to 120 °C. Con-
sequently, unlike conventional QCM systems, all the elec-
tronics for the QCM system are mounted outside the UHV
chamber, and the total cable length between the quartz crys-
B. Quartz crystal microbalance tals and the oscillator circuits is around 2.5 m! Braided, Kap-
. . on inner-coated coaxial cables are enclosed in bakable
Quartz crystal microbalances are routinely employed fO'I heathing, and are wound around the cryostat’s cold finger to

thin-film thickness monitoring, chemical sensing, and mas 2
measurements at room temperatUie a QCM, mass is ensure t,hat they _do not present an additional heat load at the
cryostat’s cold tip. One crystal is exposed to the UHV

monitored at the surface of an oscillating quartz crystal.vacuum chambefthe sample crystal the other is screened
Minute changes in the crystal's surface masgj, result in P y

pronounced shiftsAf, in the crystal’s resonant frequency, by a gold-coated oxygen-free high-conductivipFHC)

. copper platgthe reference crystalTwo different front plate
fo. described by the Sauerbrey equation, designs are utilized in the experiment. The first, a single plate

ion gauge([Edwards High Vacuum Ltdland viewing port are
also fitted to the chamber for monitoring purposes.

2f§n with a small access hole directly above the sample crystal, is
Af=— A\/_pAm’ (1) used for line-of sight TPD and thin-film deposition measure-
o

ments. With this plate, RAIR spectra are measured directly
wheren is the harmonic index of the resonant frequertis  from the gold-plated surface above the reference crystal. The
the exposed surface area of the crystals the shear modu- second plate is split into two pieces and is used to measure
lus of quartz(2.947x 10! gcm 1s™2), andp is the density RAIR spectra and TPD measurements directly from one of
of quartz(2.648 gcm 3). The QCM in this system was de- the quartz crystals. However no QCM mass deposition mea-
signed specifically to operate under UHV and cryogenic consurements are made in this mode since the long-term stability
ditions. It was custom developed for this experimgrim a  of the QCM signal is affected by the reduction in contact
standard QCM by Oxford Applied Research, and further area between the crystal and the front plate. The signal from
modified by the Electronics Department in the School ofthe sample crystal is heterodyned with that from the refer-
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ence crystal in a standard IFGET mixer circuit: the differencewhole system can be cooled from room temperature 10
frequency is directly related to the mass of material deposK in around 4 h. The sample can be heated either by radia-
ited on the sample crystal. This frequency difference willtion from the two halogen bulbs located inside the QCM
typically be much less than 1% of the resonant frequency ohousing(Welch Allen, 14 V, 1.79 A, or by a 50 W resistive
the individual crystals, thereby allowing very small changesheater at the end of the cold finger, or both. To increase the
in the frequency(and therefore magdo be detected. The lifetimes of the bulbs, their maximum voltage is limited to 10
heterodyne difference frequency is amplified to 1 V peak tov. An E-type thermocouple(Chromel-Constantanis at-
peak, and rectified to produce a sharp-edged square-wavached between the sample’s front plate and each of the
signal. The signal is fed into a SR620 timer cour(®tan- QCM crystals: AKP-type thermocoupl€0.7% Fe in Au—
ford Research Systems Lidwhere the frequency is derived Chrome) is attached to the base of the cold finger. All the
with a 0.1 s gate time, over a sample size of 200 cycles. Thelectrical and thermocouple wires are wound tightly along
output signal is recorded to a PC via a general purpose inthe entire length of the cold finger to minimize the conduc-
terface bugGPIB) (see Sec. Il F The system’s sensitivity is tive heat load to the cold end-type thermocouples have
1.02<10°° gHz % relatively high thermovoltages at cryogenic temperatures,
A quartz halogen buldWelch Allen, 14 V, 179 A'is  |ow thermal conductivity, and can measure temperatures to
spring mounted behind each quartz crystal. This allows eacheyond 500 K. Below 25 K however, their response is de-
crystal to be individually heated to around 200 °C for flashcidedly nonlinearkP-type thermocouples are at least three
cleaning, and can also be used to heat the crystals from cry@imes more sensitive thaB-type thermocouples over cryo-
genic temperatures. AB-type thermocouple is sandwiched genic temperature@ip to around 150 K and show greater
between each crystal and the front plate. Further specififinearity in theirV-T curve characteristics, but are much less
details of the temperature control system are given in Se(‘sensitive than thE-type thermocoup|es above room tem-
IIC. Clearly, over the temperature range of this experimenperature. The wires are spot welded to a 10-pin ceramic and
(10-520 K the change in the crystal's resonant frequencycopper feedthrough at the top of the UHV systEsee Fig.
with temperature is significantly greater than the change ip(p)]. The thermocouple voltages are referenced against a
frequency due to mass. The QCM housing is constructed qemperature-stabilized reference oven at 352.7 K, amplified,
gold-plated OFHC copper, and is designed to act as a temygnd fed via a 14-bit data acquisition bod®AQ) into a PC
perature stabilized oven/chiller. The housing is mounted ontgsee Sec. II F for more detalls=or improved accuracy over
the cryostat’s cold finger via a M6 double screw thread: therthe temperature ranges of interest, three temperature scales
mal contact between the housing and the cryostat is maxk'amplification circuits are used, 0—100, 90—210, and 0—500
mized by using ultrathit<10 um) AG foil washers. During k. |n each case 0 V output from the measurement box cor-
moderate warming or cooling<1 Ks™%), the temperature responds to the lower limit, and 10 V output to the upper
gradient across the two QCM crystals is minimized to lesgimit, Details of the system electronics may be obtained from
than 1 K, and each crystal exhibits approximately the samgye authors if required. Two digital set-point controllé@sm-
frequency response with the temperature. In practice, thgyp Corporation, E5CK are also linked to the PC via RS232
QCM heterodyne signal has a small negative slope duringnks. Each controller box is linked to one of tetype
cooling and a similar, positive slope during heating, prima-thermocouples and the corresponding halogen bulb behind
rily due to the different thermal response, stress, and relativg,e QCM crystals. In an isothermal experiment, the set point
acoustic impedance of each crystal in its individual e”VirO”‘required is input to the control box, which then uses the
ment. thermocouple voltage as a feedback system to establish the
exact bulb current that is required to maintain the set-point
temperature. A small degree of hysteresis is evident close to
the setpoint but, once damped, the controllers can maintain
The temperature control system on this apparatus wathe substrate temperatures to better than 0.1 K. When heating
designed in collaboration with the Electronics Workshop inramps are required the setpoint is generally fixed far beyond
the School of Chemistry, University of Nottingham, such thatthe required endpoint of the experiment to ensure a linear
experimental data could be recorded over a range of tenheating ramp is obtained. The heating rate can be adjusted by
peratures that are significant in the ISM. This system is caadditional heating from the cryostat tip heater, changing the
pable of measuring temperatures betweéhand 500 K and maximum voltage across the halogen bulbs, or using differ-
heating rates between 0.01 and 0.1 Ks ent set-point voltages and ramp time settings on the control-
Cryogenic temperatures are reached using a commelers. With this method, it is possible to obtain linear heating
cially available, closed-cycle helium cryosi@isplex 202, ramps between 0.1 and 0.01 K's
APD Cryogenics Ltd. The QCM sample stage, described It was necessary to calibrate the measurement system
above, is mounted at the baskaol m OFHC copper cold over each range: first, to enable these amplified voltages to
finger that is welded to the cryostat expander unit. A Ni-be reconverted into temperatures; second, to provide an ac-
plated, OFHC copper radiation shield is also attached to theurate estimate of the ultimate substrate temperature; and
helium return line on the expander unit, and it completelythird, to account for deviations between the theoretical and
encloses the cold finger and the sample, excepaf@ cm  experimental values of the thermocouple output voltages that
wide slit in the main body aha 1 cmdiameter hole in the arise from different wire samples, amplifier circuits, drift,
base that allows experimental access to the substrate. Tlad vacuum effects. The calibration involved cooling the

C. Temperature control system
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FIG. 5. Experimentally derive—T calibration curves fofa) E-type and
FIG. 4. TPD spectra of Ne, )N Ar, CO, and Q on Au used for the tem- b) KP-type thermocouples on the 0—100 K range.
perature calibration. Each desorption profile shows both multilayer and(

monolayer desorption peaks, with the monolayer desorption peak appearinlg_ . )
on the high temperature side of the multilayer peak in each case. ig. 4). The TPD spectra of these simple species have been

reported extensively from a variety of well defined surfaces,

) - ) e.g., those reported in Refs, 9 and 12-21, and are used in this
crystal fo its base temperature, depositing multilayers of gagase solely for calibration purposes. Therefore the values of
on the substrate, and thoen reco_rdmg the TPD s_pectrum as th‘i calculated from Eq(2) were plotted against the thermo-
substrate was warméd® Assuming that Iatgrgl interactions couple voltage readings for each gas, and fitted to a sixth
between the adsorbate molecules are negligible, the pressyigyer nolynomial curve using a nonlinear least-squares fitting
and thermocouple voltage at the maximum in the TPDyqtine. The curves describe the-T characteristics of each
multilayer desorption curve correspond to the point at Wh'ChthermocoupIe in the system over a particular temperature
the gas desorption flux is in equilibrium with the flux ex- scale(Fig. 5 showsV—T curves in the 0-100 K rangeFor
pected from a gas at the same temperature and with a vap@{e E-type thermocouple, changes in crystal temperature can
pressure equal to that of the solid. To first approximation thi)e measured te=0.5 K on the high-resolution scales and to
“sublimation” temperature,Ts, can be calculated directly _gg k on the full-range scale. For tHéP-type thermo-
from the Clausius—Clapeyron equatidn, couple, changes in crystal temperature can be measured to

1 ~0.1 K on the high-resolution scales and~®.5 K on the
= - —, (2)  full-range scale. Furthermore, the formation of both dhd
[(LT*) = (RIAguH)In(Ps/P*)] Ne multilayers on the substrate is evidence that the ultimate
substrate surface temperature is below 6 K.

S

whereT* is the boiling point(K) at atmospheric pressure,
P* is atmospheric pressuf@01 325 Py R is the gas con-
stant(8.314510 JK'mol 1), P4 is the partial pressure o
the desorbing gas in the UHV system at the TPD maximum, The design of the line-of-sight mass spectrometer
andAg,H is the enthalpy of subliminatiofd mol ), given  (LoSMS) is based on a design by Jones and Turton for line-
by of-sight sticking probability and TPD measuremefitShese
-~ methods have been described in detail by Jones and Turton,

At = Avagt + AmerHt, © but a brief description is given here to explain the motivation
where A, H is the enthalpy of vaporization antl,H is  behind the LoSMS design. In LoS TPD, the mass spectrom-
the enthalpy of meltingboth in Jmol!). TPD spectra were eter is mounted in a liquid Ncooled shroud, with two small
measured for Ar, CO, CQ CH,, H,, Kr, N5, Ne, and Xgsee  apertures defining the direct path between the surface and the

f D. Line-of-sight mass spectrometer
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commercially available, UHV compatible, quadrupole mass
spectrometer with an ion-counting secondary electron multi-
plier (SEM) detector from Hiden Analytical Ltd(HAL-RC
3F-PIO. It is mounted in a custom built liquid Nshroud,
which extends the full length of the mass spectrometer’s qua-
drupoles and ionization chamber. The mass spectrometer is
capable of reading partial pressures t& B 3 mbar at
mass resolution of 0.In/e. The ionization region is con-
nected directly to the main chamber’s diffusion pump, and is
also equipped with a titanium sublimation purfipstrument
Technology Ltd). to allow differential pumping and to reduce
contamination. The LoS between the sample and the detector
is defined by a narrow, OFHC copper tube, 150 mm long,
mounted at the end of the liquid,Nshroud. A small hole at

the base of the cryostat cold shield acts as a third aperture
between the mass spectrometer and the sample: the shield
temperature is typically 30—35 K, so desorption from the
shield can be ignored.

Initially, the mass spectrometer was calibrated against
the ion gauge using N Specific mixed gas ratios were then
used to obtain ion counts & to partial pressure conversion
factors, and ionization efficiencigselative to N) for the
most commonly used system gases. Cracking fraction pat-
terns and conversion factors for the cracking fractions were
also measured. For small species, such as He, the conversion
factors were around 610 '3 mbar counts s*; for larger
species, such as, @ this figure was around 210 2 for
heavy species the conversion factors were arourd®@ 2.

FIG. 6. Depiction of the LoOSMS arrangement in the NoSAE experin@nt The C.a“brated mass spectrpmeter S|gnals were used.'.m turn,
from above andb) from the side. The maximum molecular trajectory limit to calibrate gas flow rates into the chamber at specific leak
is indicated by the dotted lines between the surface and the ionization regiovalve settings. The leak rates are reproducible within a few
in each case. percent, although some hysteresis exists between the clock-
wise and anticlockwise motion of the valves. These data are

ionization region. Consequently, only those molecules thaglearly useful in estimating dosing times and pressures to
desorb from a small, well-defined patch on the substratedbtain specific ice thicknesses, measuring uptake curves,
which can then reach the ionization region of the mass spedh€asuring sticking probabilities where LoS methods are in-
trometer by direct flight, are detected. The mass spectrometépPPplicable, setting multiple ion detection scans for TPD mea-
detector element is “blind” to all molecules that emanateSurements, and calculating surface coverages from TPD
from outside the LoS area of the substrate, since their traje@Pectra. However, such calibration data are clearly system
tories lead to collisions with the shroud wall where the mol-SPecific, and are therefore not reproduced here.
ecules condense out to a low vapor-pressure solid. Ligyid N
cooling is sufficient to trap almost all astronomically relevant
molecular species, with the exception of,HCO, and N,
and the noble gases, He, Ar, Ne, and Kr. In LoS sticking
probability measurements, the UHV chamber is backfilled to  FT-RAIRS is an established, nondestructive surface sci-
a specific gas pressure, and the sample is moved out of tlence technique which probes vibrational modes of species
mass spectrometer’s LoS. In this configuration the masadsorbed on surfaces. The technique is described in detail
spectrometer signal originates from the chamber wall oppoelsewheré?2# Its major advantage over transmission infra-
site the aperture, and is directly proportional to the total gased spectroscopy is that it can be used to detect intra-
pressure in the chamber, provided that the sticking probabiladsorbate and adsorbate—substrate vibrations and adsorbate—
ity of the gas on the chamber walls is zero. The sample isdsorbate interactions at monolayer and submonolayer
then moved into position in front of the mass spectrometercoverages on metal surfaces, provided that a component of
and the flux from the sample surface can be measured dtheir dipole moment transition lies perpendicular to the sur-
rectly. If a correction is made for the difference in tempera-face. Greenler quantitatively calculated the absorption inten-
ture between the sample and the gas, the sticking probabilityity as a function of incidence angle and found that, for an
can then be calculated, independent of both the system@&dsorbate on a metal surface, the signal reaches a maximum
pressure gauge response and surface coverage calibrationat grazing incident angle€5°—889.2° This experiment is
Figure 6 shows a top and a side view of the LoSMSequipped to use RAIRS at incident angles of 85.5°, 84°, 75°,
arrangement in this experiment. The mass spectrometer is7%0.5°, 60°, and 45°.

line-of-sight
limits
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A top view of the RAIRS system is shown in Fig. 7. A metric ports, and the sample itself can be rotated to accom-
BioRad FTS-40A FTIR spectrometer is used, which containgnodate RAIRS at 85.5°, 70.5°, and 60°. These changes in
an IR source and a 60° interferometer. The external bearangle can be accommodated without breaking the UHV con-
from the spectrometer is steered using one or two planaditions. The KBr windows are mounted on a Viton O ring in
mirrors (depending on the incidence angle at the subgtratea shallow recess of a CF40 flange, and are secured from the
and focused onto the substrate. The focusing mirror is @atmospheric side by a threaded retaining ring. The flange
custom-made 90° off-axis parabolic mirrgre: 330 mm), itself is attached to the UHV chamber with a Cu gasket. The
with a 195 mm primary focal length. It was custom manu-optics enclosures fit tightly over the outer edge of these
factured from heat-treated Al by Aero Research Associateflanges. Even when the enclosures are overpressured, the
Inc., and the parabolic face is 50 mm in diameter, polished t&JHV vacuum can be maintained at better thaw 20~ 1°
150 A. The beam waist is focused to 5 mm at the center ombar.
the chamber. The Au coating on the sample crystal or QCM
front plate acts as a reflective mirror. The beam is focused. Data control and acquisition system
onto the detector elemerfa 2 mm diameter, liquid N
cooled, InSb detector operating in a photovoltaiobiased
configuration (BioRad, or a 2 mm diameter, liquid N
cooled, mercury—cadmium—tellurid®CT) detector operat-
ing in a photocurrent configuratiaiiBioRad]. The focusing
mirror is a custom-mad¢Aero Research Associates Inc.
90° off-axis ellipsoidal mirroi(10:1 ratig, with a 181.5 mm serial link). All other instruments are controlled by a data

semi-major axis, and a 165 mm semi-minor axis. It is also,.qisition program written specifically for this purpose us-
manufactured from heat-treated Al, and to the same dimen-

sions and tolerances a the parabolic mirror. The output signa!

Control and data acquisition for the NoSAE experiment
is maintained from two, network-linked, IBM compatible
PCs. An overview of the system is given in Fig. 8. Manufac-
turers’ generic software are used to control the BioRad FTIR
spectrometefvia a generic communication card and link
and the Hiden quadrupole mass spectrométier a RS232

from the detector is amplified and fed back into the data QM
acquisition PC via the BioRad FTIR spectrometer. Generic BioRad FTIR
BioRad software is used to process the final FT-RAIR spec-| spectrometer CTim(:r
trum. Data ounter

The entire optics are housed in dry-aig/Nurged enclo- 4 _Control Acquisition
sures. The lids of the enclosures can be removed for align cee IDSN B e
ment purposes. Rubber seals are placed between the FTI| "soen G |« Baratron
spectrometeralso purgedl lids, chamber connectors, and — Network —— 55 Gauge (x2)
enclosures. A slight overpressure purge removes gas cor
taminants from the IR beam path, and improves the quality
of the FT-RAIRS spectra measured. During bakeout the en{ Active Gauge

Temperature

closures are removed from the system. Controller Controller

The UHV chamber and purged IR-optics enclosures arel__(Pressure) Units (x3)
separated from each other by differentially pumped KBr win- 7 Thermocouple
dows that were designed specifically for this experinmémt Mass Output
strument Technology Ltd. The optics enclosures can be Spectrometer |4 (g;t{;’:::})

moved onto symmetric ports, fixed onto the UHV chamber at

angles of 84°, 75°, and 45%as shown in Fig. Yto conduct i, 8. salient features of the NOSAE data control and acquisition system.
RAIRS at 84°, 75°, and 45°, or they can be fixed at asym-
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ing HP-VEE?® It records frequency data from the timer LERAR LS B B B N B B R A
counter in the QCM system via a GPIB interface: pressure
data from the UHV system via a serial link from an Edwards
active gauge controlletEdwards High Vacuum Ltd.and
temperature data from the temperature control system via a
14-bit DAQ interface. The voltage output from the tempera-
ture control system is also read into an auxiliary input on the
mass spectrometer; in TPD experiments this auxiliary chan-
nel is monitored concurrently with the mass data, and no
further processing is necessary to obtain the TPD spectrum
directly. All three software programs output tab separated
ASCII data files that can be read into a single spreadsheet for
analysis.

I1l. APPLICATIONS
A. TPD

CO Desorption Rate (arbitrary units)
1
1

Temperature programmed desorption is a common tech-
nigue employed in surface science which is described exten- 1 @
sively elsewheré’ Briefly, the surface under investigation is
exposed to one or more adsorbate gases in varying surface

concentrations. The surface is then heated, using a linear _ (b) .
heating ramp, and a mass spectrometer is used to monitor the
desorption rate of both the reagents and any reaction prod- 10 20 30 40 50 60 70 80 90 100 110 120

ucts against temperature. This technique has been widely
employed to study surface catalysis on well-defined single
crystal surfaces and desorption of thin molecular fiffhs, FIG.9. TPD spectra ofe) a Au substrate at 10 K exposed to 26%CO and
e.g., for molecular solids such as CO,;,@r, and |\b_9v12_21 (b) a 0.04um H,O-ice film at 10 K exposed to 20 L dfCO.
There have also been a number of coadsorption studies at
low temperaturé® However, very few UHV surface science
experiments are capable of operating below 10 K, and almostire of the ice film, analogous to the behavior of &tlsorbed
no TPD data exist on desorption of multilayer thin films on amorphous ic& Such diffusive behavior might be inves-
consisting of molecular mixtures coadsorbed below 10 Ktigated experimentally by varying the temperature ramp and
These data pertain directly to the situation in the ISM and, ashe thickness of the ice film, and modeled by including an
we show in this article, the results of these experiments givequation for the diffusion process in chemical reaction
very different results from studies in which higher tempera-simulations>
ture (i.e., 20—80 K deposition of only one molecular species In the results described above, the adsorption conditions
is undertaken. for the H,O-ice film growth(10 K, 10" 8 mbay result in an

The preliminary TPD results from this experiment are amorphous, high-densithighly porous film.33 A number of
presented in Fig. 9, which compares CO desorption from th@revious experiments on J@-ice films by Kay and co-
Au substrate with CO desorption from g® ice film.*3CO  workers using molecular beam dosing have established that
was adsorbed on the ice film simply to ensure thatlld not ~ the morphology of the FD-ice layer is affected by the depo-
contribute to the CO desorption trace. The mass spectrometsition conditions:* The surface temperature affects the ice
sensitivity toward*?CO and'3CO was assumed to be the phase obtained and the angle of incidence affects the ice
same, and the yields of desorbed CO in the two experimentgorosity. In this system, at a surface temperature above 130
were identical within experimental error. CO desorbs fromK cubic crystalline ice is formed, below this temperature
the Au substrate with multilayer and monolayer peaksamorphous ices with varying degrees of porosity are
clearly evident at 29 and 32 K, respectively. This result comformed3* This experiment was designed with a quasidirec-
pares favorably with those obtained in previous studies ofive effusive molecular source to recreate as far as possible
single crystal metal surfacd%3°However, in the desorption the conditions in the ISM, where deposition is essentially
trace from the ice film, measured here for the first time, werandomized, i.e., equally probable at all angles. The ice po-
believe small multilayer desorption is apparent at 29 K, withrosity can be partially controlled by rotating the sample rela-
a broad, flat desorption peak with a maximum at roughly 5Qive to the position of the dosing source, and by changing the
K. A comparison of RAIR spectra ot?CO deposited on dosing temperatures and annealing times. For example, in
amorphous ice with those of CO deposited on ot dis- H,O ice, films without pores are produced at surface tem-
played hergshows minimal broadening of the CO stretching peratures above 80 K. The film can then be cooled to 10 K,
mode, indicating that CO is not adsorbed on multiple sitegetaining its nonporous structure. At dosing temperatures be-
with varying adsorption energies. It is believed that the broadween 80 and 20 K the degree of porosity increases; the most
TPD peak results from diffusion of CO into the porous struc-porous ices in this system are obtained at 6 K. Alternatively,

Temperature (K)
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0.040 — T T TABLE I. Assigment of features in the RAIR spectrum of the Nfiim,
shown in Fig. 10a). wv=stretch, S=bend, a,;=totally symmetric,
e,=doubley degeneratd,=libration, R, =rotation about the axis in the

0.035+ i x-y plane.

NH; film/ NH; gas phase
Au Relative Vibrational fundamental
0.030+ - (cm™b intensity mode (cm™1)2
1100 Very strong da; (HNH) “umbrella” bend 940
0.025 _ 1200 Weak 3L (Ryy)
1450 Weak v (Ryy) + da;(HNH)
1630 Medium e, (HNH) “scissor” bend 1628
3 3160-3315  Medium va,(NH) 3336
_§ 0.020+ . 3380 Strong ve,(NH) 3414
=
§ “Reference 40.
< 0.015 -
l@ | RAIRS at 84°, the sample faces away from the gas dosers, so
that adsorption onto the sample occurs from the background

0.010- ( pressure in the chamber during dosing. Therefore, the 50 L
exposure in the 75° experimeffig. 10a)] and the 200 L

0.005 ] exposure in the 84° experimeffig. 10b)] actually repre-
sent films of approximately equal thickness. The spectra

1 ()] i show a general similarity to previously published infrared

0.0004 L transmission spectri. The peaks in Fig. 1@ can be as-

T T T signed, as indicated in Table I, by referring to published vi-

4000 3500 3000 2500 2000 1500 1000 brational frequencies determined by high resolution electron
energy-loss spectroscogiREELS for ammonia adsorbed
on a Ag110) surface®’
FIG. 10. RAIR spectra of ammonia films at 10 Ka) 50 L exposure re- There are several aspects of the spectrum recorded at 84°
corded at a grazing angle of 757 afid) 200 L exposure recorded at a that gre different from those in the 75° experiment. Spectral
grazing angle of 84°. noise in the 1500—2000 and 37004000 ¢manges is ab-
sent in the 84° experiment. These features result from gas
it is possible to control the porosity of the,8-ice layer by  phase HO absorption, indicating an incomplete purge of the
dosing at 10 K, and then annealing the film at higher tempptics boxes, and therefore can be ignored. However, the
peratures. Above 80 K the annealing process also leads tghsence of the overtone and combination features, the slight
pore collapse, so by varying the annealing time it is possibl@hange in the peak shape in the symmetric N—H stretch re-
to vary the pore concentration. The diffusion of other mo-gion, and the reduction of the relative intensity of the N—H
lecular species into and out of these porous pockets is agtretch features are of real significance. Such changes result
important concern. It is envisaged that other amorphous mdrom variation of the underlying surface reflectivity, which is
lecular solids exhibit similar porous behavior. In aStronomi-a function of both the Wave|ength and the ang|e of incidence
cal terms it could help to explain the outgassing rates obf the infrared beam.
comets and trapping of complex molecular species in inter-  The optical properties of the filifthe real and imaginary
stellar and planetary ices. One potential route for solid stateomponentsn andk, of the complex refractive index,, can
chemical reactions in the ISM is for simple atomic and mo-pe calculated by applying the Fresnel equatidms a form
lecular species to diffuse into these porous pockets at |Ovappropriate for this type of Syste?ﬂ_Using these properties]
temperature, becoming trapped rather than desorbing as tiighoratory RAIR spectra may be manipulated to allow direct

ice warms up, and then diffusing through the ice with suffi-comparison with transmission infrared spectra of astronomi-
cient energy to overcome activation barriers, and reacting teal objects.

form more complex molecular species such as @ad CH,.
This apparatus can be exploited to study these interactions iR QCM
detail, and is currently being used to study the interplay

Frequency (cm™)

between CO, CQ H,O, and NH in a variety of bi- and Figure 11 shows the 3D uptake measured by the QCM.
trimolecular mixtures. Details of the CO-8 ice system are These data illustrate the sensitivity of the QCM as it operates
reported elsewher&. under simultaneous low temperature and UHV conditions. In

this type of measurement the QCM is employed an alterna-
tive (or more commonly an additionasource of data from
which uptake curves can be measured. It is operated in iso-
Preliminary RAIR spectra of ammonia films were re- thermal mode, where it used to determine the mass of mate-
corded at grazing angles of 75° and 84°, as displayed in Figial deposited on the substrate. If the gas flow rate into the
10. When the apparatus is configured for RAIRS at 75°, theehamber during deposition is also known, then these data
sample faces the gas dosers. However, when configured finom the QCM can also be used to accurately determine

B. FT-RAIRS
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