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The cosmic ray simulator consists of a 50 L’ cylindrical stainless steel chamber. A rotable cold finger 
milled of a silver (111) monocrystal optimizes heat conductivity and is connected to a 
programmable, closed cycle helium refrigerator allowing temperature control of an attached silver 
wafer between 10 and 340 K (20.5 IS). Oil-free ultrahigh vacuum (UHV) conditions of ~10~r” 
mbar are provided by a membrane, drag, and cryopump, hence guaranteeing a vacuum system free 
of any contamination. Ice layers of defined crystal structures and reproducible thickness of (521) 
,um are achieved by depositing gases, e.g., CH,, CD,, CD4/02, and CHd02, with a 
computer-assisted thermovalve on the cooled wafer. These frosts are irradiated at 10 and 50 K with 
7.3 MeV protons and 9 MeV Q particles of the compact cyclotron CV28 in Forschungszentrum 
Jiilich up to doses of 150 eV per molecule, i.e., simulating the distribution maximum of galactic 
cosmic ray particles interacting with primordial matter in space during 0.7X109 yr. During the 
experiments, gas phase and solid state are monitored for the first time quantitatively on line and 
in situ by a quadrupole mass spectrometer (QMS) via matrix interval arithmetic and a Fourier 
transform infrared spectrometer (FTIR) in an absorption-reflection mode at 62.5“. For the first time, 
a cosmic ray simulator allows detailed and reproducible mechanistic studies on the interaction of 
cosmic ray particles with frozen gases in space based on pressure conditions (hydrocarbon free 
UHV conditions, the limitation of condensations of residual gases during an experiment to less than 
one monolayer), temperature regime (the use of silver monocrystals, FTIR in reflection, optimized 
ion currents, and target thicknesses <5 pm restrict temperature increasing to 14 K), and defined 
target systems. In combination with two on line and in situ analyses techniques, i.e., FTIR and QMS, 
the machine yields unprecedented options such as computing the heating of the ice surfaces directly 
exposed to the ion beam by a calibrated QMS and a complete quantification of product distribution. 
Preliminary results indicate a strong temperature-dependent component of the reaction mechanisms 
in the frosts: surface layers are heated by impinging ions to (14?1) K and yield (70%-100%) of 
higher molecular weight species, such as CllD24, whereas 10 K regions produce majority of simpler 
hydrocarbons, e.g., CsDs. Second, 0, contaminations influence the experiments dramatically by 
trapping of diffusive H atoms as 0,H and, thus, yield oxygen-containing yellow to brown residues 
after heating to 293 K. Irradiation of pure methane targets, however, produce no residues. But an 
increasing concentration of H atoms exceeding (6%+3%) leads to ejection of up to 90% of the 
frosts into vacuum. 0 1995 American Institute of Physics. 

I. INTRODUCTION 

Space is interspersed with high energetic particles and 
photons of solar and galactic cosmic rays,r flares,’ T Tauri 
winds3 stellar jets,4 carbon stars,4 energetic species in mag- 
netospheres of giant planets,5 and photodissociation prod- 
ucts.’ These species modify primordial and still processed 
matter of planets, their moons and rings, asteroids, comets, 
and interstellar grains or clouds by suprathermal chemist&’ 
and photochemistry. Additionally, catalysis on grain 
surfaces7 and perhaps aqueous chemistry in heated comets 
(Strecker synthesis of amino acids,* CP-, CS-, and HCN- 
polymer hydrolysis)g contribute to their complexation and, 
thus, modify the chemical and physical properties of primor- 
dial matter in space. Further, Fischer-Tropsch synthesis in 

*IPresent address: Dept. of Chemistry, University of California, Berkeley, 
CA 94720. 

the accretion disc of the solar systemi and pyrite catalyzed 
reactions” have been postulated to advance the syntheses of 
organic molecules. 

Enormous interest is given to detailed mechanisms form- 
ing complex molecules in space, the latter might be consid- 
ered as precursors of biological active molecules such as 
adenine or guanine. In particular, the interaction of high en- 
ergetic radiation with hydrocarbons in the solid state and 
mixtures of water, carbon monoxide, methane has been stud- 
ied for three decades, all resulting in the formation of new 
molecules.“-a2 Polycyclic aromatic hydrocarbons, among 
the most fascinating, are formed during methane irradiations 
with MeV a particles at 10 K.23-25 

These simulations of extraterrestrial environments occur 
in so-called simulation chambers and require analogous tem- 
peratures, pressures, and high energy components of the cos- 
mic radiation field. Predominantly, chambers are evacuated 
by oil-containing roughing pumps and lubricated turbomo- 
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lecular pumps to high vacua of 10-8-10-6 mbar. Liquid he- 
lium cryostats or closed cycle helium refrigerators cool 
mounted cold fingers down to 10 K. Typically, the latter 
consist of polycrystalline aluminum, copper, or stainless steel 
and serve as sample holders for Si, KBr, or CsJ windows to 
monitor the gas condensation and effects of subsequent irra- 
diation by MeV or keV particles, UV photons, electron 
beams, 60Co-yquants, or radio frequency discharges by Fou- 
rier transform infrared spectroscopy (FTIR). Optionally, gas 
phases are monitored by quadrupole mass spectrometers 
(QMS). 

Nevertheless, current experimental conditions are often 
rather nebulous. First, the cooled substrates and the ices 
serve as cold traps for residual gases, e.g., H,O, 02, N,, and 
COZ: pressures of about 10F7 mbar allow gas molecules to 
condense one monolayer within less than one minute. In 
spite of generating frosts by depositing gases at approxi- 
mately 10B5 mbar, up to 1% of the contaminants are cocon- 
densed. In particular, molecular oxygen limits the credibility 
of the experiments dramatically and changes the mechanism 
for the formation of complex molecules: during exposing 
methane frosts to, for example, MeV protons,2” oxygen is 
fixed in molecules as shown by infrared stretching vibrations 
of carbonyl(1800-1700 cm-‘) and hydroxyl groups (3800- 
3000 cm-‘). Further, vacuum systems operated with oil 
sealed roughing pumps require fluid to operate and, conse- 
quently, are sources of contamination, i.e., the erroneous de- 
tection of “synthesized” polycyclic aromatic hydrocar- 
bons.” 

Second, neither employed polycrystalline metal targets 
and IR transmission components nor condensed layers 
thicker than ~10 pm guarantee a constant temperature in the 
target: the latter two materials hold thermal conductivities of 
h=O.l-0.01 W cm-’ K-1,28 and, thus, act as thermal insula- 
tors unable to prevent heating of the frosts by impinging ions 
from 10 up to 50 K.5*‘6*17 Consequently, heating increases 
both the temperature-dependent diffusion coefficient of gen- 
erated radicals such as H, CH, CH2, CH,, OH, and induces 
sublimation of molecules, modifying the chemical composi- 
tion of the target and the reaction mechanisms. 

Therefore, existing experimental setups hardly allow de- 
tailed and reproducible mechanistic studies on the interaction 
of cosmic rays with frozen matter in space. The new appa- 
ratus to be constructed has to fulfill the following require- 
ments, i.e., (a) oil free ultrahigh vacua (III-IV) to guarantee a 
clean experimental setup without hydrocarbons and cocon- 
densates, (b) reproducible preparation of thin frost layers, (c) 
optimal cooling of the frosts to minimize heating, i.e., thin 
ice layers and alternative components for FTIR analyses, (d) 
temperature monitoring of heated ice surfaces and substrates, 
and (e) quantitative on line and in situ analyses of the solid 
state and the gas phase. 

This paper is organized as follows: Sets. II A-II C com- 
pile theoretical restrictions of the simulation chamber (pres- 
sures and temperatures), followed by a detailed description 
of the machine itself, analytical instruments, and the gas 
mixing chamber. Sections II D and II E depict the operating 
procedure and analyze experimental conditions. Finally, a 

discussion with focused interest on elaborated requirements 
(a)-(d) is presented in Sec. III. 

81. EXPERBMENTAL SETUP 

A. Design principles 

Residual gases condensing on the cooled wafer and heat- 
ing of the irradiated sample influence the results of the ex- 
periments dramatically. The surface of each silver wafer used 
in the experiments contains approximately (l+0.5j1019 
atoms rnm2. If we assume the gas phase consists only of mol- 
ecules at T=293 K with sticking coefficients (Y (mole- 
cule)=l at 10 K, one monolayer condenses within -10 h at 
10-l’ mbar. This is an order of magnitude time for the inter- 
val each experiment has to be executed. 

The temperature profile of the frosts, expressed as the 
temperature difference between the heated ice surface di- 
rectly exposed to the ion beam, Tion, and the backsurface in 
contact with the cold finger, Tback, is a crucial parameter 111 
diffusion controlled processes and might influence the reac- 
tion mechanisms and the product distribution extremely. The 
MeV ion beam heats the surface from Tbefore to Tion, and, 
consequently, raises the temperature-dependent vapor pres- 
sure of the condensed frosts. Hence, calibrating the vapor 
pressure by heating the frosts in 0.5 K steps from 9 to 20 K 
and recording ion currents Z(T) of the molecular fragments 
by a quadrupole mass spectrometer determines the surface 
temperature. During these external calibrations, the sample is 
allowed to equilibrate 30 min after each 0.5 K increment. 
Hence, a negligible temperature gradient exists between the 
ice surface exposed to the vacuum and the cold finger, whose 
T ,.0ld is measured by an attached silicon diode. Fitting I(T) 
with I(T,,,) yields the surface temperature of the frosts dur- 
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FIG. 1. Sideview of the simulation chamber. 
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FIG. 2. Top view of the simulation chamber. 

ing each irradiation and allows extraction of temperature ef- 
fects. This procedure approximates a mole fraction of target 
molecules x and their activity coefficients f in freshly depos- 
ited as well as irradiated samples as x (target molecules)=f 
(target molecules)=l. However, the fact that only 1% of de- 
posited molecules are converted to products justifies this ap- 
proach. 

Additionally, using monocrystalline cold fingers acceler- 
ate heat transfer to the cooling system, and, consequently, 
reduce heating of the frosts. Silver (111) monocrystals, here- 
after referred to as Ag-(111), represent an optimal compro- 
mise between heat conductivity from the cold finger to the 
closed cycle helium refrigerator, and material hardness.agdO 
Therefore, FTIR analyses of condensed frosts must be ex- 
ecuted in reflection mode because silver represents a non-IR- 
transmission component. 

B. Simulation chamber 

The simulation chamber consists of a cylindrical stain- 
less steel cylinder of 40 cm diam and 21 cm height with nine 
centro symmetrical 35 CF ports and one 63 CF port (Figs. 1 
and 2). A 400 CF flange shuts the lid of the vessel and holds 
a centered, differentially pumped rotable feed through DPR 
90 (VG-Instruments). This construction enables an attached 
CP1020 closed cycle helium refrigerator (Cryophysics) to 
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rotate horizontally 360”. The cold tinger consists of an Ag- 
(111) monocrystal (99.999%, Degussa) and is fixed via a 0.1 
mm indium foil to the 10 K step of the cold head. To mini- 
mize the radiative heat transfer from the room temperature 
chamber walls to the 10 K stage, a 30-40 K aluminum ra- 
diation shield connected with the cold head’s second stage 
surrounds the crystal. The cold finger serves as a substrate 
for a (25X25) mm2, 3 mm thick and high polished, i.e., corn 
size <l pm, Ag-(111) wafer, the last fixed by screws via a 
O.l-mm-thick indium foil to the cold finger. This setup as- 
sists a quick change of the wafer after each experiment with- 
out demounting the whole cold finger. The temperature of the 
monocrystal is sampled by a silicon diode DT-470-CO (re- 
sistance R = lo5 0; current I= 10 @) (Lake Shore), thus, 
facilitating any choice between 10 and 350 K with the help 
of a 50 fi heater and a programmable temperature controller 
93-CA (Lake Shore). 

AI1 frosts are condensed on a circular area (0=20 mm) 
on the Ag-(111) wafer by a gas deposition system which is 
mounted onto a linear transfer mechanism (VG Instruments). 
Hereby, the gas molecules streaming out of the gas mixing 
chamber (see Sec. II C) pass the therm0 valve UDV 235 T  
(Balzers), enter a stainless steel capillary and are deposited 
after leaving a glass capillary array (Spectroscopy Instru- 
ments). Both the limited pore size of 10 pm and the ratio of 
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FIG. 3. Control diagram of the simuIation chamber and periphery instruments. 

the array area to the sum of pore size of 0.5 guarantee a 
homogeneous gas deposition. 

The dummy unit constitutes the interface between the 
chamber and the beam line of the cyclotron: it consists of a 
Faraday cup and an integrated oxygen-free high-conductivity 
copper degrader (thickness d = 0.1 mm) and separates the 
UHV system of the recipient from the oil containing high 
vacuum of the cyclotron. All ion beams are adjusted by an 
electrically isolated Faraday cup serving as a full beam stop 
and conducting the striking ions to the current integrator of 
the cyclotron control unit, i.e., monitoring the beam current. 
The heat generated in the course of the adjustment is drawn 
off by a closed cycle cooling water, distilled to minimize 
blind currents. Before the irradiation, the Faraday cup has to 
be lowered; the ion current and beam profile are controlled 
via a nickel grid mounted between the copper degrader and 
the target, connected with a second current integrator. To 
eliminate currents from the grids to the chamber, the nickel 
wire is insulated by a MACOR ceramic (ratio of the grid 
surface to the surface varnished by the beam: 0.015). 

and 10e3 mbar are monitored by THERMOVACs, those in 
the range of 10M5- lo-l2 mbar by IONIVACs (extractor 
mode). The remaining 35 CF blank flanges can be used in 
future experiments for extra analytical instruments, e.g., 
modular irradiation sources such as laser beams, keV ion 
guns, and UV photons. 

The complete apparatus is wrapped with heating tapes 
and aluminum foil for baking the chamber. Integrated feed- 
back systems ‘monitor the temperature in each chamber sec- 
tion, i.e., 75 “C (cold head and DPR 90), 70 “C (400 CF 
flange), 65 “C (linear transfer mechanism and middle part of 
the chamber), 60 “C (bottom and 200 CF shutter) 55 “C (cry- 
opump). Finally, the gas mixing chamber is baked at 100 “C. 
Figure 3 summarizes the simulation chamber and its periph- 
ery instruments. 

Further on, a cryopump KM 212 (pump speed 
S= 1500 /s-l, Balzers) is mounted at the bottom of the 
recipient and is separable from the main chamber by a 200 
CF shutter. This pump is connected via two valves with the 
gas ‘mixing chamber and an oil-free roughing pump system 
consisting of a membrane pump, molecular drag pump, and 
turbomolecular pump (DRYTEL 25, S=7.5 /i-l, ultimate 
vacuum -10v5 mbar, ALCATEL). The last one evacuates 
the DPR 90 differentially, too, and reduces the pressure gra- 
dient from 1013 mbar (surrounding atmosphere) over 10m5 
mbar (roughing pumpj to 10-l’ mbar. Pressures between lo3 

Ion beam induced chemical modifications are analyzed 
on line and in situ by a FTIR spectrometer (NICOLETSlO 
DX). in the spectral region of 4000-400 cm-r: the IR beam 
@J-30 mm) is detIected by a software controlled mirror 
flipper out of the spectrometer, passes an aperture of eloxized 
aluminum (0=25 mm), and enters the simulation chamber 
through a KBr window attached to an UHV compatible 35 
CF flange. After diffuse reflection of the IR beam at the 
vacuum-frost boundary and being absorbed by the ices, the 
beam is reflected at the polished Ag-(111) wafer [reflection 
angle=(62.5”tO.l”), cf. Fig. 41. The IR beam is attenuated 
by the condensates again, passes a second KBr window 
placed 35” counterclockwise to the dummy unit, and is ana- 
lyzed by an external, liquid nitrogen cooled mercury- 
cadmium-telluride detector (Nicolet Instruments, detector 
type B) (MCTB) detector. To reduce IR absorption by atmo- 
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FIG. 4. Geometry of the FTIR-absorption-reflection measurements. 

spheric gases, e.g., CO, and H,O, the spectrometer and the 
detector are flushed by oil, water, and carbon dioxide free 
compressed air. 

Volatile species are detected by a quadrupole mass spec- 
trometer type QMG 420 (Balzers) situated 45” counterclock- 
wise in respect to the dummy unit [angle between Ag-(111) 
wafer perpendicular-field axes of QMS (p=17.5”]. Anolog 
and digital voltages are generated by the electronic unit 
QME 112 (mass range l-200 amu), whereas the analyzer 
consists of a molybdenum quadrupole rod system QMA 120 
biased at 5.25 V with an axial beam source, rhenium cathode 
(60 V, emission current 0.8 mA), and a secondary electron 
multiplier @EM, 1400 V), whereas the cathode potential was 
held at 1.50 V, thus, generating 90 eV electrons. Finally, scan 
velocities were optimized to OS- 1 s amu-r and electronic 
background subtraction was chosen at m/z=5 S. 

6. Gas mixing chamber 

Gas mixtures must be prepared in so-called mixing 
chambers, i.e., setups for heating binary or higher ordered 
mixtures under continuous stirring and ensuing cooling. In 
the course of their preparation, convectional flows are in- 
duced homogenizing the gases appreciably faster than diffu- 
sion controlled processes at room temperature. Typically, a 2 
/’ UHV gas mixing chamber is welded from two 100 CF 
flanges and a stainless steel spacer. An UHV compatible mo- 
tor driven feed through moving a rotor inside the chamber is 
attached at the lid of the mixing chamber. Four UHV valves 
(three adapters for gas containers, one tube to the gas depo- 
sition system) and a 35 CF shutter connect this chamber with 
the recipient and the pump system. Partial pressures of the 
gases are measured by a gas type independent capacitive 
pressure gauge MI 2000 (Leybold). 

D. Operating procedure 

The roughing pump system and the cryopump evacuate 
the simulation chamber and the gas mixing chamber to about 
lo-’ mbar. Subsequently, the gas mixing chamber is filled 
with gas(es); in the case of mixtures, the mixing chamber is 
heated for 2 h at 100 “C and cooled down within additional 
60 min. The therm0 valve connecting the gas mixing cham- 
ber and the recipient is opened until the pressure indicates 
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FIG. 5. Typical mass spectrum of residual gases at a pressure of 3.5X1O-‘o 
mbar. 

5X 10v6 mbar. After adjusting the heating current of’ the 
therm0 valve until the pressure levels to about 10-s mbar, 
the pressure required for the gas condensation is optimized to 
10v6 mbar. 

Afterwards, the DPR rotates the Ag-(111) wafer parallel 
to the glass capillary array: the linear transfer mechanism 
positions the gas deposition system 5 mm in front of the Ag 
wafer. One hour later, the experimental setup is baked 24 h, 
the emission of the QMS switches on and the IONIVAC is 
adjusted. The apparatus cools to room temperature within 
three hours and the compressor of the closed cycle helium 
refrigerator starts to transfer heat from both stages. Never- 
theless, operating the cold head without heating the 10 K 
stage would result in condensing residual gases onto the 
baked Ag-(111) wafer. Hence, this stage must be held the 
first two hours at 313 K: potential residual gases condense on 
the 30-40 K radiation shield without contaminating the sub- 
strate. Ultimate pressures yield (4.2+0.9)X10-lo mbar, av- 
eraged over 21 experiments. Figure 5 displays a typical re- 
sidual gas spectra with m/z=1 (H+), 2 (H2f), 12 (C+), 
14{N+,N;+), 16(0+), 17(OH+), 18 (HzO+), 28 (N;,CO+), 
44 (CO;), 61.67/62.33 (185’187Re3*), 92.5/93.5 (185’r87Re21-), 
and 185/187 (185’187Re’) at 3.5X10-lo mbar. It is worth 
mentioning that the ion current of Hz0 is in the order of the 
rhenium peak subliming from the filament of the QMS; ad- 
ditionally, the chamber is absolutely free of hydrocarbons. 

After generating UHV conditions and 10 K, the mass 
spectrometer controlled gas condensation takes place at 10m6 
mbar for 30 min [‘3CH,, CH,, CD,, and CHd/Oa mixtures 
(l&0.5)% OJ and 2 min (CaHz, CaHJ. Figure 6 shows typi- 
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FIG. 6. Time-dependent ion currents of m/z 17 (13CH:), 16 (‘3CHz/CHi), 
15 ?%H~/CH~), 14 (%JWH~), 13 (“C’/CHc), 12 (C’), and 2 (Hz) 
before, during, and after 13CH, condensation. 

3062 Rev. Sci. Instrum., Vol. 66, No. 4, April 1995 Cosmic ray simulator 

Copyright ©2001. All Rights Reserved.



cal time-dependent ion currents underlining reproducible gas 
flows during all experiments. Nevertheless, the gas mol- 
ecules hardly deposit in thermal equilibrium, hence, leading 
to regions of frozen high temperature modifications and 
amorphous solids. Well-defined modifications of the frosts 
are generated by keeping the cold finger at 10 K, then heat- 
ing to 35 K with 0.005 K s-l, equilibrating at 35 K for 1 h, 
and cooling down to 10 K with 0.005 K s-‘. In the case of 
CH,, phase II is produced with reproducible target thick- 
nesses of (4.850.9) ,um. The whole process is controlled via 
FTIR spectroscopy monitoring the rotational fine structure of 
z+ and v4 fundamentals of methane.31’32 

Further, the beam currents of the MeV protons and a 
particles are adjusted by the dummy unit. An aperture con- 
sisting of four magnetic deflectors and a wobbling system 
restricts the beam profile to a circular geometry of 2 cm 
diam, thus, covering an area of 3.14 cm”. During each irra- 
diation the ion current is monitored on line by the nickel grid 
and, hence, guarantees a constant ion flux. The experimental 
error of -10% is ruled by the grid’s surface, i.e., 1.5% of the 
beam area; a closer nickel grid would reduce the experimen- 
tal error, but influences the beam homogeneity dramatically. 
Experiments optimized the ion fluxes 4 of 9 MeV a particles 
and 7.3 MeV protons to 4 (or)=400 nAr-’ cmm2=127 
nAcm-‘and $(p)=350 nAn-‘cm-‘===111 nAcmm2, lim- 
iting the heating of the frost surfaces to (421) K. All targets 
are irradiated isothermal at 10 K, i.e., simulating ices on 
interstellar grains or comets in Oort’s cloud, or in the course 
of temperature program 10-50-10 K (beam on; 6 min at 10 
K, heating to 50 K in 20 min with 2 K mm’; 34 min 50 K, 
beam off, cooling in 1 min with -40 Kmin-’ to 10 K), 
therefore simulating heated comets during their approach to 
sun or W heated interstellar grains. 

After the irradiation, the target is equilibrated 90 min at 
10 K, heated to 70 K with l/6 K min-l, with 1 K mini’ to 
298 K, and kept 60 min at 298 K. Higher heating rates 
should be avoided due to the thermal inertia of the system. 
Finally, the setup is vented with argon (99.9999%). 

During the experiments and in the heating period, subli- 
mating molecules are analyzed by a quadrupole mass spec- 
trometer in the MID mode (monitored ion detection; record- 
ing of time profile of selected ion currents). The picked m/z 
values allow us to determine the molecules and residual 
gases quantitatively by matrix interval arithmetic. Here, only 
a brief summary is given. The detailed procedure is given in 
Ref. 33. A quadrupole mass spectrometer monitors ion cur- 
rents, proportional to partial pressures in the case of nonover- 
lapping fragmentation pattern. Predominantly, however, frag- 
ments of different molecules add to a specific m/z-value, i.e., 
CaH,, Na, and CO supply to m/z= 28. i programmed m/z 
ratios are selected to result in an inhomogeneous system of 
linear equations including the measured ion current (right- 
hand vector), partial pressures of i gases (unknown quantity), 
and calibration factors of gases determined in separate ex- 
periments. Since all quantities are provided with experimen- 
tal errors, matrix interval arithmetic, i.e., an IBM high accu- 
racy arithmetic subroutine defining experimental uncertain- 
ties as intervals, is incorporated to extract quantitative infor- 

m/Z 

HG. 7. Integrated mass spectra: (a) during heating phase, (b) background, 
(c) difference (a)-(b). 

mation, thus, including experimental errors of m/z calibra- 
tions. 

Additionally, complete spectra to m/z=200 are re- 
corded in 10 min intervals. Interpretation of integrated mass 
spectra before the experiment (a), during the heating phase to 
293 K after the irradiation (b), and the difference (b)--(a), 
(c), reveals (0.8%tO.l%) of synthesized molecules consist 
of masses greater than m/z=200, cf. Fig. 7. Consequently, 
the quadrupole mass analyzer is suitable for the experiments. 

IR interferograms are accumulated over 6 min with 315 
scans and 2 cm-’ resolution. All interferograms are trans- 
formed after the experiment achieving an increasing time 
resolution for kinetic studies. Care has to be taken to select 
background spectra for the ratioing procedure: in the first 
approximation, the Ag-(111) wafer constitutes a temperature 
dependent black body radiator. Therefore, a background 
spectrum of the wafer must be recorded in separate experi- 
ments every 10 K to get an optimal base line and eliminate 
temperature effects. 

111. DISCUSSION 

A. Experimental setup 

Table I compiles the experimental conditions. The num- 
bers in each row are averaged over all targets irradiated with 
identical ions, integrated ion fluences, and energies. The oxy- 
gen concentration is calibrated off line, i.e., depositing gas 
mixtures of 99.5% CH, and 0.5% 0, five times, heating the 
frosts to 293 K, and analyzing data by matrix interval arith- 
metic. Finally, the dose D* is defined in terms of absorbed 
energy in electron volts per molecule and computed accord- 
ing to Ref. 22. 

Blank 1 analyzes potential contaminants, memory effects 
of earlier experiments, irradiation induced electronic interfer- 
ences, and their influence on data recording. In the course of 
blank 2, CH, is deposited, cocondensates are determined, 
and the consequence of the rhenium ions impinging with 
kinetic energies of 0.2-0.3 eV on the frosts are analyzed. 
Nevertheless, neither contaminations nor memory effects in- 
fluence the experimental results within the detection limits of 
the quadrupole analyzer and the FTlR. Moreover, synergistic 
effects of rhenium atoms and MeV ions are excluded by 
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TABLE I. Compilation of experimental parameters. 

Target 

Layer 
thickness, 

Pm loll 

Ion 
current, 

nA 
Pressure, 

10-r’ mbar 

Wafer 
temperature, 

K 
Irradiation 
time, min 

Integr. 
ion fluence, 
7rel cm-’ 

Dose, 
eV 

13cH4 
:z 
CD4 
CD, 
CD4 
CHd 
ti 
CHJO, (I%-2%) OJ 
CH4/0, (l%-2% 03 
cH‘$/o, (1%-Z% 04 
cQ/o, (l%-2% 0,) 
Blank 1 
Blank 2 

4.020.4 
4.220.3 
4.120.4 
5.5kl.5 
6.0C1.2 
6.520.9 
4.320.5 
4.OkO.4 
6.920.7 
4.8k0.5 
4820.6 
6.4208 

5320.4 

Q 

a 

a 

(Y 

a 

a 

(Y 

P 
a 
a 
a 
a 
a 

7.820.5 4.820.8 9.9kO.2 
7.920.6 4.1t0.4 10.220.4 
8.2kO.8 5.2kO.9 10.420.4 
8.020.2 4.8PO.4 9.820.1 
7.6205 5.2kO.5 9.620.1 
7.720.3 2.8C0.3 9.720.1 
8.320.2 3.320.3 9.1to.1 
7.0t0.5 317kO.4 9.620.1 
7.8205 55%1.0 11.0+0.5 
7.5 20.5 4.320.4 10.8~0.1 
7:6f0.6 5.121.2 10.8kO.l 
7.820.3 4.120.4 9.7kO.l 
8.0%0.5 3.520.4 10.1’0.1 

. . . 2.4kO.3 9.9-fO.l 

60 (4.4+0.3)xlo’5 
300 (22kO.2) x 1or6 

60 (4.6+0.4)X10?’ 
60 (4.5tU.2)X10’5 

300 (2.lrfio.1)xlo’6 
60 (4.3?0.2)X10r5 
60 (4.7~0.1)XlO” 

336 (4.o~o.3)xlo’~ 
60 (4.4+0.3)xlo’5 

300 (2.3t0.3)X10’6 
60 (4.3+0.3)xlo’5 
60 (4.4+O.2)XlO’5 
90 (6.7~0.4)X10’5 

2923 
145+18 
3025 
30t4 

144”26 
2924 
2922 
28+3 
2825 

136C25 
2855 
30+5 

performing irradiation with and without the emission of the 
rhenium filament. 

A comparison with Table II, summarizing experimental 
conditions of other modern simulation chambers, reveals 
definitely the uniqueness of-the designed experimental setup 
as well as combined reproducible experimental conditions, 
i.e., temperature (0=10 K, (r=OS K), pressure (0=4.2 
X10-l’ mbar, ~=0.9XlO-‘~ mbar), and the ion current 
(0=8 nA, (r=O.3 nA). On the other hand, different ma- 
chines operate at pressures >lO-’ mbar and, hence, cannot 
eliminate cocondensations of residual gases and hydrocarbon 
contaminations emerging from their roughing pumps. Fur- 
ther, no temperatures are monitored during irradiations; tem- 

peratures in the course of experiments, included in parenthe- 
ses, were estimated roughly, but a general trend of 
temperature rising as a result of excessive ion fluence and 
insufficient target cooling is evident. 

B. influence of target temperature on product 
distribution 

AI1 irradiation increased the temperature of tire Ag-(111) 
crystal in (0.250.1) K, i.e., less than the experimental errors 
of the silicon diode. Consequently, the temperature of the 
silver substrate was restricted to (10+0.5) K, whereas the 
surface layer of the frosts were heated by ions to (1451) K, 

TABLE II. Compilation of experimental parameters during ion irradiation of methane targets; ?: no information available. 

Target Ion 
thickness, Energy, Flux; current, Pluence, Dose, Penetration, Pressure, Temperature, 

No. Target @rn Ion MeV cm-z s-.1 
ruA cm-’ cmS2 eV w mbar K References 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
26 

13cD4 
r3CD4 

CD4 

(3 

CH4 

CH, 

m4 

2 

-4 

f=4 

CK, 

CH4 

a4 

(=H, 

W 

cH-4 

CH, 

c?I, 

a4 

a4 

CH4 

a4 

CH, 

m4 

0.07-3 
0.07-3 

0.07 
? 
? 
? 

0.1-2 
? 

0.4-15 
10 
18 
? 
? 
? 
? 
? 
? 
? 
1 

18 
? 
11 
11 
? 

1000 

H’ 
He+ 
H+ 
H+ 
H’ 
H+ 

He’ 
H’ 

;: 

HC 
Hf 

He+ 
Ar+ 
H+ 
H+ 
He+ 
Ar+ 
G 
H+ 

&‘3+ 

H+ 
3He2+ 

“C 
HC 

1.5 6E13 10 
1.5 6El3 10 

0.06 (3-6)E14 50-190 
0.1 (3-6)El4 50-100 
1 (3-6)E14 50-100 

1.5 (3-6)El4 50-100 
1 (3-6)El4 50-100 

1.5 5El2 0.8 
1.5 3E12 0.5 
1.5 3E12 0.5 
1.5 3E12 0.5 
1 SE12 0.8 

0.2 5El2 0.8 
0.05-0.2 5El2 0.8 

0.06 (3-6)E14 50-100 
0.06-0.08 6El3 10 
0.06-0.08 6El3 10 
0.06-0.08 6E13 10 

0.04 ? ? 
1.5 (3-5)El2 OS-O.8 
60 SE6 1.3E-6 

17.6 (I-2)El2 0.25-0.5 
7.3 (l-2)E15 0.25-0s 
1.1 . . . . . . 

17.4 3E12 0.5 

3.5E16 285 
3.5El6 285 

? ? 
lE15 ? 
lEl5 ? 
lE15 ? 
lEi5 85 
7E16 500 
5El6 340 
lEl7 680 
lEl7 250 
4El6 ? 
4El6 ? 
4E16 ? 

? ? 
? ? 
? ? 
? ? 

lE17 ? 
2El6 140 

(0.2-?;)ElS 
? 

(6.3 
(4-8)Ell 40-70 

. . . . . . 
lE13-lEl6 IE-2-IEI 

63.3 
9.5 
1.2 
1.7 

32.3 
63.3 
6.4 

63.6 
63.3 
63.3 
63.3 
32.3 

2 
0.12-0.44 

1.2 
1.2-1.7 
0.9-1.1 

0.14-0.18 
1 

63.6 
32 

5230 
102 

5190 

lE-8 12(28) 34-35 
lE-8 12(28) 34-35 
IE-8 15 34-35 
IE-7 10 36-38 
lE-7 10 36-38 
lE-7 10 37-38 
lE-7 10 39 
IE-8 lO(27) 40,41 
IE-7 10 42,43 
lE-7 10 44,45 
IE-7 10 44-46 
IE-7 10 46 
lE-7 10 46 
lE-7 10 47 
lE-7 15 47 
IE-7 20 48 
lE-7 20 48 
lE-7 20 49.50 
lE-7 35 51 
lE-6 15 44 
lE-9 15 52 
IE-7 ii(<5oj 22,25,53,54 
lE-7 11(<46) 22,7Z,54 

? 77 54 
? 77 22 
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FIG. 8. Detected alkanes during matrix sublimation of CD, (m/z=20) after 
an irradiation at 10 K and D*=30 eV. m/z 52, 68, 84, 100, 116, 132, 148, 
164, and 180 (per-deuteto-propane-tper-deutero-undecane) define molecu- 
lar ions. (a) Survey, (b) magnification of m/z>20. 

giving an approximately linear temperature gradient 
A=(dT/dx), of (-0.8+0.3) K pm-‘. Heating of irradiated 
targets after the experiment, however, does not go hand in 
hand with increasing molecular weights of subliming prod- 
ucts (Fig. 8) as should be expected according sublimation 
increments of +(15.6?2.7) K per additional CD, unit in 
alkanes.= Nevertheless, the sublimation sequence is re- 
versed: m/z= I80 (CrtD& is detected first, i.e., synthesized 
in target layers directly exposed to the ion beam [T=(14 
+ 1) K], whereas per-deutero-propane is generated in vol- 
umes of T-(10? 1) K attached to the Ag-(111) wafer. 
Quantitative analyses yield Cr1Da4 to be formed 70%-100% 
in regions of T= (13 _+a) K: the increasing molecular 
weight of alkanes coincides with production zones of higher 

1 ,/Ml” ,~,~,~‘l~~~P~‘~~,,~~,,,~,~~~-,~~,~~~,~-~~ 

0.9 

0.8 
~ ‘i 

0.7 

0.6 

0.5 
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0.1 

0 
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140150 

dose, eV 

FIG. 9. Trme-dependent integrated JR absorption of va (0,H) during a 300 
min LY particle irradiation of a CHdOa target. 
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TABLE III. Detected molectdes in residua of (Y particle irradiated CH.,/Os 
targets; 1: T== 10 K, Da=30 eV, 2: T=50 K, Da=30 eV. 

Mass, pg 

Molecule 1 2 

1 R-0-TMSb 2.1113.6 0.9/3.0 
2 OCKZ),rO-TMSI 14.8122.4 255164.8 
3 R-O-l-MS 16.MO.7 22.41173.1 
4 R-0-TMS 3.614.3 52114.4 
5 C,,H,,-COO-TMS 2.7i3.0 7.W8.6 
6 R-COO-TMS 1.712.6 2.317.2 
7 C,,H,-COO-TMS 8.5136.1 11.7/109 
8 R-C&, 3.Of5.7 36116.7 
9 C&H,,-COO-TMS 11.3/10.1 52.7J83.9 

10 C,,H,-COO-TMS 7.814.5 26.3157.0 
11 Cr9H,-COO-TMS 0.312.6 7.1i15.9 

(primar acid) 
12 C,,H,-COO-TMS 1.W6.5 15.0/30.1 

(abetine acid) 
13 R-C&’ 1.114.6 1x5.4 
14 R-C,H,’ 1.313.4 1.514.5 

“No OH groups: R: OCH-containing organic groups, identification impos- 
sible. 

bTMS==trimethyl silyl. 

temperatures and underlines temperature-dependent reaction 
mechanisms, i.e., a diffusion controlled product distribution. 

C. Contamination effects 

Molecular oxygen serves as a radical scavenger, i.e., 
trapping of ion beam produced diffusive hydrogen and deu- 
terium atoms, thus, reacting to 0,H followed by conversion 
to Ha02, and H,O. Equations (4) and (5) are derived from 
the time-dependent concentration profile y (O,H), cf. Fig. 9: 

02+H-+0aH, (4) 

OzH+H+Hz02, is) 

a 
H,Oa--+2HO, (6) 

HO + H--+HaO. (7) 
Additionally, storage of reactive H atoms at lo-15 K 

leads to explosive pressure shocks from 10-l’ to -low3 
mbar, ejecting up to 90% of the frosts into vacuum. Detailed 
computations define a critical concentration of mobile H at- 
oms exceeding (6%+3%) as the limiting parameter deter- 
mining these processes. On the other hand, trapping of dif- 
fusive hydrogen radicals in CHd/Oa targets eliminate these 
explosions, cf. Eqs. (4) and (5). 

Further, only CHd/02 frosts form brown to yellow resi- 
dues comprising up to 5% of the deposited carbon, whereas 
pure methane targets never yielded any remnants after heat- 
ing the irradiated frosts to 293 K. However, !?I’IR spectra of 
irradiated samples differ dramatically in the IR absorption 
region of 3800-2800 cm-*, i.e., stretching vibrations of hy- 
droxyl groups (-OH) in alcohols, carboxyl acids, and water 
in spite of identical experimental parameters. Analyses 
clearly indicate that the experimental error of preparing 
CHdOz mixtures affects the product distribution as corrobo- 
rated by GC-MS detections of synthesized carboxyl acids 
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after dissolving the residues in dichlormethane and reaction 
to trimethyl silyl esters: absolute errors of 0.5% oxygen in- 
creases the yield of selected carboxyl acids up to lOOO%, cf. 
Table III, thus underlining the need of UHV conditions to 
archive reproducible conclusions ‘from the experimental re- 
sults. 
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