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A novel, efficient technique to identify and quantify complex gas mixtures is described. This 
approach can be applied on line and in situ and is extendible to samples with reactive and thermally 
labile species. Complex hydrocarbon mixtures are prepared in test experiments by irradiating frozen 
methane targets with 9 MeV a particles in an ultrahigh vacuum chamber and releasing them during 
successive heating of the solid samples from 10 to 293 K after each ion bombardment. A quadrupole 
mass spectrometer monitors time-dependent ion currents of selected m/z values, which are 
proportional to partial pressures in the case of a nonoverlapping fragmentation pattern. 
Predominantly, parent molecules and fragments of different molecular species add to a specific m/z 
value, i.e., CzH,f , Nt , and CO+ contribute to mlz=28. Programmed m/z ratios are chosen to result 
in an inhomogeneous system of linear equations including the measured ion current (right-hand 
vector), partial pressures (unknown quantity), and the calibration factors of fragments of individual 
gases determined in separate experiments. Since all quantities are provided with experimental 
errors, matrix interval algebra, i.e., an IBM high accuracy arithmetic subroutine defining 
experimental uncertainties as intervals, is incorporated in the computations to extract individual, 
calibrated components of complex gas mixtures. This proceeding enables the quantitative sampling 
of calibrated hydrocarbons, and, especially, H, and D, without further time-consuming 
preseparation devices on line and in situ, hence justifying the use of this approach in space missions 
to elucidate the chemical composition of, e.g., planetary atmospheres without payload wasting gas 
chromatographs. 0 I995 American Institute of Physics. 

1. INTRODUCTION 

Information on the chemical composition of planetary 
atmospheres is obtained w situ by spectroscopic remote 
sensing in emission, reflection, or absorption in the micro- 
wave up to the ultraviolet region of the electromagnetic 
spectrum.’ In the case of optically thick atmospheres, e.g., 
the Satumian satellite Titan, however, these techniques can 
only supply data of outer atmospheric regions, and an in situ 
exploration of the low-altitude atmosphere down to the sur- 
face is required. The payload of the Huygens probe, i.e., part 
of the NASALESA Cassini space mission to Titan,” for ex- 
ample, comprises a gas-chromatograph-mass spectrometer 
(GCMS) device to explore Titan’s atmospheric profile. 

In terrestrial-based laboratories, GCMS serves as a pow- 
erful tool for quantitative analyses of complex gas mixtures.3 
Optionally, minor gas components are preconcentrated be- 
fore their GC separation, e.g., trapping hydrocarbons at 77 K 
in a Tenax-GC tube and releasing the gases by a heat gradi- 
ent desorption process.4 Adapting GCMS to planetary mis- 
sions, however, suffers from three fundamental restrictions. 
These off line and ex situ techniques exclude identification of 
thermally labile species, e.g., cyclobutadiene, C4H4, or reac- 

“‘Present address: Department of Chemistry, University of California, Ber- 
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tive radicals such as CH, CH,, and CH, which decompose in 
the GC capillary or react with the coating material. Reactive 
intermediates, however, play an important role in the photo- 
chemistry of outer planets of our solar system.’ Further on, 
GCMS requires time-wasting preseparation techniques. Fi- 
nally, prospective space missions to comets (the ROSETTA- 
project) or Pluto center on payload-saving analytical devices 
to probe atmospheres: the elimination of gas chromatographs 
gains considerable payload for additional scientific instru- 
ments. Consequently, the fundamental problem focuses on 
the development of a mass spectrometric on line and in situ 
technique suitable for prospective space missions, i.e., a flex- 
ible method without time- and payload-consuming presepa- 
ration devices to quantify complex gas mixtures. Further- 
more, the elucidated procedure must exclude the alteration of 
involved molecules and has to be capable of detecting even 
reactive species. 

This paper presents a new approach, combining quadru- 
pole mass spectrometry (QMS) and matrix interval algebra 
(MIA) to include experimental calibration errors of the mass 
spectrometer to resolve the chemical composition of com- 
plex gas mixtures present in, for example, planetary atmo- 
spheres, on line and in situ, even in the presence of thermally 
labile species. Additionally, this procedure can be employed 
for simuiation chambers analyzing the interaction of cosmic 
ray particles or photons with frozen solids in space. This 
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paper is organized as follows: Section II describes the eluci- 
dated mathematical background for extracting partial pres- 
sures of molecules in complex gas mixtures from mass spec- 
trometric data. The performance of this approach is 
demonstrated explicitly by (a) generating complex, gaseous 
test mixtures during MeV ion bombardment of solid hydro- 
carbons such as CH4, 13CH4, and CD, in an ultrahigh (UHV) 
chamber and recording time-dependent ion currents of se- 
lected m/z values (Sec. III A), (b) the calibration procedure 
of the mass spectrometer (Sec. III B), and (c) resolving the 
composition of the mixtures performed in test experiments 
(Sec. IV). 

II. MATHEMATICAL BACKGROUND 

In the range of 10-4-10-14 A, the QMS-probed ion cur- 
rent of the ith m/z value of the jth gaseous compound, Zij , in 
a gas mixture yields the following linear relationship to the 
partial pressure Pi of the jth species.5 

Iti=Pjl,X,?7i,jTigcriJa=fijPi (1) 

with the electron emission current in the mass spectrometer, 
I,, the mean free path of the electrons, X, , the ionization 
cross section, ffii.j, the gain of the secondary electron multi- 
plier, ~i,j, the transmission of the fragment, rij, and a con- 
stant a. The fir constants are determined by calibrating the 
mass spectrometer in respect to a gas j and its ith m/z value 
(see Sec. III B). Unfortunately, the measured ion current of 
each ith m/z value, Ii, at time t represents a sum of ion 
currents of this mass fragmenting from higher molecular 
weighted hydrocarbons and/or from parent molecules. Thus, 
I, and the unknown partial pressure of the jth component pj, 
holds for every element i the following linear equation: 

I,=2 Iij=C ffjpj. 
i i 

These equations form a system of j linear equations with 
the square calibration coefficient matrix A = (f,), the un- 
known vector of partial pressures c = (pj), and the right-hand 
side vector of the ion currents b = (Zi) . The calculation of a 
solution c of this system of linear equations 

Ac=b (3) 

is a tricky problem because calibration factors as well as ion 
currents are afflicted with uncertainties. The IBM product 
High-Accuracy Arithmetic Subroutine Library (ACRITH)~ is 
an appropriate tool for solving such problems. Using a new 
computer arithmetic, i.e., a maximum accurate dot product 
and directed rounding, the methods of interval analysis7 and 
the defect correction principle,’ an algorithmically verified 
result is obtained. This new arithmetic, based on the sound 
theory of Kulisch and Miranker,g uses the High-Accuracy 
Arithmetic Facility. This process is simulated on System/370 
processors via a software package written in Assembler. AC- 
RITH enables the user to specify the input data, including the 
tolerances as intervals, i.e., errors of the calibration factors 
(see Sec. III B) and the ion current (t 1%). Interval arith- 
metic is necessary to obtain reliable and verified results. If 
the computed inclusion is not satisfactory, a residual correc- 

tion scheme for intervals is applied to obtain an inclusion of 
high accuracy.” The algorithm implemented in ACRITH first 
computes an approximate inverse R of A, then a floating- 
point approximation of co. The residual iteration for the ap- 
proximate solution c of the linear system (3) follows: 

ck+‘=ck+R(b-Ack). (4) 

Denote the final approximation for the solution as c”. 
Next, calculate an interval inclusion Z=R(b-AE) and the 
residual matrix RA-I with an identity matrix. Then the in- 
tervaI iteration begins using -Z= R(Ac”- b) as a starting 
point: 

Y=Z+(RA-Z)X with X=Yoe (5) 

until Y is in X; YOE signifies E inflation. The resulting inclu- 
sion is 5-t Y. The FORTRAN procedure calling for the AC- 
RITH linear equation system solver is CALL DILINR(N, 
AL,AU,BL,BU,NRS,WK,CL,CU,IER), where N is the num- 
ber of rows and columns, AL and AU are the lower and 
upper bounds of the interval matrix of the linear system, BL 
and BU are the lower and upper-right-hand side vectors, and 
CL and CU the lower and upper bounds of the result vector, 
respectively. The variable NRS indicates whether the linear 
system is to be sobfed with the same coefficient matrix as for 
the first or further right hand side, WK is the workspace 
vector, and IER the error code variable. The result vectors 
are rounded downwards and upwards. An inclusion of the 
solution of the Iinear systems (AL,AU)@L,CU) = (BL,BU> is 
computed with automatic verification of the correctness of 
the result. (Al&AU), (CL,CU), and (BL,BU) are the intervals 
containing all the real matrices and vector elements for ele- 
ments between AL, AU and CL, CU and BL, BU, respec- 
tively. 

The solution of an interval system of linear equations 
(CL,CU) is the set of all solutions of any point linear system 
included in the interval linear system. In our problem, all 
calibration factors .ii are afflicted with errors Eij . The same 
coefficient matrix (AL,AU) consisting of intervals of the 
form (Fii- Eij ,Fii+ Eii) is chosen for all cycles. These fac- 
tors are read from separate ASCII input files at the top of the 
program. Additionally, all ion currents Ii are measured with 
the same error tolerance of 1% independent of the time and 
the type of element. Hence, the right-hand sides are all inter- 
vaIs of the type (0.991,) 1 .O lZi) for each cycle, i.e., the 
experimental time f. The ion currents are supplied from dif- 
ferent j ASCII files delivered from the quadrupole mass 
spectrometer software program. Each file contains the ion 
current of the jth m/z value for all cycles including back- 
ground subtraction. After solving the linear equation system 
by selecting a corresponding set of mlz values, the interval 
results are stored in a file for each jth component. The pro- 
gram has been implemented on the IBM-Mainframe ES/ 
9000-620 under VM/ESA of the Central Institute of Applied 
Mathematics of Forschungszentrum Jiilich. 
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Ill. EXPERIMENT 

A. On line and in sifu generation of complex test 
gas mixtures 

Originally, the matrix interval algebra assisted quadru- 
pole mass spectrometry was elaborated to probe the gas 
phase during and after MeV ion bombardments of the frozen 
hydrocarbons CH, , 13CH,, and CD4 in simulation experi- 
ments on the interaction of galactic cosmic ray particles with 
frozen matter in space.” To demonstrate the performance of 
our approach, we select two experiments, i.e., 60 min irra- 
diation of 13CH4 and CD, at 10 K with 9 MeV (Y particles, 
followed by a 60 min equilibration period, heating the 
samples to 70 K at l/6 K mm-‘, and at 1 K min-’ to 298 K, 
and keeping them for 60 min at 298. Therefore, the gas phase 
evolving during.the irradiation and the heating period con- 
tains ion-induced, generated molecules and serves as a vari- 
able, complex, and hydrocarbon-containing test mixture. 

The experimental setup is described in detail 
elsewhere.” Thus, only a brief summary is given here. The 
50 $ vessel consists of a stainless steel chamber of 40 cm 
diam and 21 cm height. A programmable closed cycle helium 
refrigerator is attached to a differential pumped rotatable 
feedthrough, centered at the lid of the setup. The 10 K stage 
of the refrigerator holds a temperable (111) silver monocrys- 
tal serving as a substrate for condensed gases. Hydrocarbon- 
free UHV of (4.2?0.9)X10-10 mbar are achieved by a Dry- 
tel roughing pump operating from atmospheric pressure 
down to ~10~~ mbar and a 1500 L! s-’ cryopump. 

After generating UHV conditions, t3CH4, CH,, or CD, 
layers, each of (521) pm thickness, are condensed at 10m6 
mbar onto the (lOkO.5) K silver substrate with the assistance 
of a computer-controlled thermovalve. To ensure well- 
defined crystal modifications, all solid hydrocarbon targets 
are cycled from 10 to 35 K with 0.005 K s-l, annealed at 35 
K for 60 min, and cooled back to 10 K with 0.005 K s-l. 
Complex hydrocarbon mixtures are prepared by irradiating 
these condensates at 10 K for up to 300 min with 9 MeV LY 
particles of the compact cyclotron CV28 in Forschungszen- 
trum Jiilich. Detailed, nonequilibrium chemistry-governed 
reaction pathways are elucidated.4 

During ion bombardment and in the post-irradiation 
heating phase of the samples from 10 to 293 K, mass spectra 
from 1 to 200 amu are obtained with a Balzer QMG 420 
quadrupole mass spectrometer placed 45” counterclockwise 
of the ion beam. The angle between the field axis, held at 
5.25 V, and the silver crystal’s perpendicular axis is opti- 
mized to 17.5”. Analog and digital voltages are generated by 
a Balzer QME 112 unit, whereas the mass analyzer consists 
of a Balzer QMA 120 with an axial beam source, rhenium 
cathode, and secondary electron multiplier operated at 1400 
V. Additionally, anode and cathode potentials are refined to 
150 and 60 V yielding an electron energy of 90 eV. Further 
on, the electron current is adjusted to (0.800+0.001) mA and 
the electronic background signal subtracted by choosing zero 
mass at 5.5 amu. The scan line of the quadrupole system is 
calibrated at mlz=(1.00t0.003) (H+). (2.00+0.01) (Hl), 
(12.00+0.01) (C’), 16.00?0.02) (O+,O;+), (17.00+0.02) 
(OH+), (18.OO”O.Ol) (HaO+),, (28.00+0.01) (N;, CO+), 

(32.00+0.01) (O;), (44.00+0.01) (CO;), (61.67+0.05) 
(ls5Re3+), (62.3320.05) (187Re3f), (92.5020.03) (rs5Re2+), 
(93.5kO.03) (187Re’Lf), (185.00+0.03) (ts5Ref), and (187.00 
kO.03) (ts7Re+). All data for quantitative studies are re- 
corded in the monitored ion detection mode, i.e., scanning 
time-dependent ion currents of programmed mlz values 
(dwell time= 1 s amu-‘). 

B. Determination of calibration factors of gaseous 
components 

The calibration constants fi,i given in the literature ‘L’~ 
differ by up to two decades and depend strongly on the op- 
erating condition of each quadrupole mass spectrometer. Our 
calibration procedure does not determine absolute f i,j values 
due to the lack of a spinning rotor gauge,t3 but resolves fi,j 
by homogenizing binary gas mixtures (total pressure p <200 
mbar) of the gas j and xenon as an internal standard in a gas 
mixing chamber” and introducing them in separate experi- 
ments at low6 mbar N2-pressure equivalents into the vacuum 
chamber described above. This procedure yields partial pres- 
sures relative to xenon as an internal standard, hereafter des- 
ignated as xenon equivalent pressures ‘pi and relative cali- 
bration factors Fi,j. Furthermore descending a planet’s 
atmosphere, the pressure profile is determined independently 
by piezo-sensors,’ hence, justifying the introduction of xenon 
equivalent pressures. For m/z= 132 of xenon, Eq. (1) yields 

I132,Xe=f 132,Xe PXe 

and 

Fi,j=fi,jlf132,Xe=lij/I132,x~ PxelPj- 
This modifies Eq. (2) to 

(6) 

(7) 

Ii=? fij=T fijPj=C FiiPjfl32,Xe=C Fij’Pj (8) i j 
with a xenon equivalent pressure of the jth component ‘pj. 
Obviously, relative concentrations of gases, e.g., 1 and 2 can 
be simply computed by dividing ‘pl by ‘pZ. Three mixtures 
of different gas-xenon ratios were prepared in the gas mix- 
ing chamber, introduced into the vacuum system, ion cur- 
rents measured, and Fi,j factors calculated according to Eq. 
(7) by averaging 20 Iij/ltss,x,-ratios of each concentration. 
The calibration procedure underlines an enrichment-free gas 
inlet in the chamber which validates Eq. (3) to 10.5% ex- 
perimental error. Tables I-III compile m/z values and Fi,j 
factors of calibrated hydrocarbons and selected residual 
gases including relative percentage errors. 

Due to financial restrictions, neither higher molecular 
weighted 13C- nor D-substituted hydrocarbons could be cali- 
brated. Comparisons of identical ions of CH,, t3CHX, and 
CD, fragments show a decrease of deuterated Fi,j of be- 
tween 30% and 70%, thus approximating 
DFi,f= (0.5HFi,j> +25%. Calibration factors for 13C-labeled 
molecules yielded '3Fi,j=(0.9HFi,j> + 10%. Additionally, 
the low vapor pressure of hydrocarbons restricted the cali- 
bration to masses <72 atm, cf. Table IV. The Fi,j values of 
the remaining hydrocarbons were extracted from (Refs. 10 
and 11) with an error limit of -190% as averaged over all 
references relevant to the operating conditions of the quad- 
rupole mass spectrometer. The computation of integral mass 
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TABLE I. Calibration factors Ftj of hydrocarbons and selected residual gases including relative percentage errors. 

IllI nC5H12 

W&z 
isopentane 

W&z 
3,3diiethyl- 

propane nC4%0 L’C4Ko C3H8 co2 c-C,H, n-C3H6 

72 
71 
58 
57 
44 
43 
42 
41 
40 
39 
38 
32 
30 
28 
27 
26 
18 
16 
2 

n1l.z 

72 
71 
58 
57 
44 
43 
42 
41 
40 
39 
38 
32 
30 
28 
27 
26 
18 
16 
2 

0.202 1 0.1022 7.8X 1O-4 
0.02+5 0.0315 6.5X 10-4 
0.02+ 1 0.04r3 0.14&l 
0.3125 0.96r2 3.20? 1 
0.23% 1 0.13c3 0.10+1 
3.6021 2.40+3 0.21 t- 1 
2.30+ 1 2.14+3 0.1621 
1.96rl 2.20t2 2.3821 
0.08Cl 0.10t1 0.08rtl 
0.58kl 0.621’1 0.6821 
0.08+1 0.092 1 0.09% 1 

0.30+1 0.221- 1 0.15%1 
1.54+ 1 1.24?1 0.80+1 
0.1821 0.15~1 0.09+ 1 

0.24? 1 0.15r1 

C3H4 C3H4 
allene prowe 

O.lOfl 

1.762 2 2.0121 
I.732 2 1.842 1 
0.70? 1 0.72+ 1 

0.12+ 2 0.1153 
0.602 1 0.041’1 
0.10~ 1 0.222 1 

0.25r10 0.24+3 

4.6421 
1.87?1 
7.80+ 1 5.86’1 8.33+1 
2.37% I 3.59&l 
1.7021 3.452 1 4.1023 

0.5721 
0.1821 0.90+1 0.34%8 

0.36? 1 
0.06+ 1 
0.205 1 
3.462 1 
0.52C 1 
1.1521 
0.062 1 
0.4121 
0.0721 

0.04t1 
1.5021 
1.4521 
0.2521 

0.18&l 

cZH4 

0.16’1 

N2 

0.8521 
0.78% 1 
0.1251 
0.3751 
0.062 1 
0.442 I 
0.15+1 

0.0722 
2.06% 1 
1.24fl 
0.2721 

2.8521 

0.10+1 

0.412 1 

H20 

0.03 25 
1.3x10-3 
0.01t10 

1sot2 
1.54-+2 
0.4122 
1.10*2 
0.2322 

0.07t2 
0.68f2 
0.2622 

CH4 

1.6721 
2.6821 
0.68?1 
I.942 1 
0.49L 1 

0.43 + 1 
I.1726 
0.36? 1 

7.7521 
0.07%2 llzkl 

spectra, i.e., recording the full mass scale (l-200 amu) by 
setting the digital voltage to zero, shows that less than (0.8 
1-O.l)% of the subliming species hold masses >200 amu. 
Therefore, the mass separator is suitable for this problem. 

TABLE II. Calibration factors FiJ and relative percentage errors of deuter- 
ated gases. 

TABLE BI. Calibration factors Fi,j and relative percentage errors of 
13C-labeled gases. 

Gas Gas 

ntlz We W4 C&h C”4 

36 0.552 1 32 1.6021 
32 3.1Ok 1 2.0122 30 7.402 1 4.992 1 
30 0.8021 1.2022 28 0.07t1 3.58?1 2.8022 
28 0.6621 1.4022 3.10+1 26 
26 0.10+1 0.20% 1 0.641’1 17 6.77 I? 1 
20 5.52’1 14 0.072 1 0.19c3 0.2023 0.3432 

4 0.03 f 1 0.2025 0.04% 1 0.04r 1 5.4821 2 0.18fl 0.19r 1 0.15+3 0.062 1 

C. Inclusion of effective pumping speed 

The effective pumping speed S,Ej of a pumping device 
depends on the molecular weight and-to a minor 
extent-on the molecular structure of the gas j. Conse- 
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TABLE IV. Experimentally noncalibrated structure classes. 

Structure class 

Mono(di)alkyl-benzenes 
Mono(di)alkyl-benzenes 
Napthalene/azulene 
Mono(di)alkyl-naphthalenes 
Anthrazendphenanthrene 

l- or 2-Mono(di)alkyl-Anthrazhrazenelphenanthrene 

Propane/ 
PropeneJcyclopropene/ 
PropyneJallene 
Butane-isomers 
Pentane-isomers 
Hexane-isomers 
Heptane-isomers 
Octane-isomers 
Nonane-isomers 

Decane-isomers 

Undecane-isomers 
Dodecane-isomers 
Tricosane-isomers 
Tetracosan-isomers 

mlz ml2 dZ 

(C-H) (13C-H) (C-D) 

WGHs+) 96(*3C,H,+) 94(C,D5+) 
9 1 (C7H7tj 98(13C,H7+) 98(C7D,+) 

128(CloHs+) 138(‘3C,oHs+) 136(c&+) 
141(CllH9+1 1 52(“CnH,+) 15O(C,,Dg+) 
178(C14H10+) 192(‘3C,4H,o+) 188(C14D10+) 
177(C,4%+) 191(‘3C,,&+) 186(C,,D,+) 
176F&Hs+j 190(‘3c*4H8+) 184(C14Ds+) 
191(C,,H,,+) . . . . . . 

189(C&,+) . . . . . . 

. . . 47(13C3Hs+j/ 52(c3Ds+j 
. . .,. . . 45(13C3Hs+)/ 48(C3Ds+) 
. . .,. . . 43(13C,H4+) 44(C,D,+) 

h2(‘3C4H10+) WC,D,o+) 
72(C&2+) 77(‘3CSH12+) 84(C,D,,+) 
86(C6H,4+) Y2(‘3C,H,4+) lOO(C,D,,+j 

lWC,H,,+) 107(‘3C7H,h+) 116(C7h5+) 
1 14(C8H&) 122( 13C8H1s+) 132(C&h8+) 
I 28(CgHZo+)/ I 37(‘3CgH20+) 148(C&,+) 
I 27(C9H,P+) 
142(C,,H,+)/ 152(“C,,H,+) 164(C10%2+) 
14l(C,o%+) 
156(C,,H,+) 167(‘3C,,H,+) 180(C11D,+j 
17O(Cdbj+) 182(*3C,2HZ6+j 196(&!&+j 
1 ~~(~I&s+) 197(‘3C,3Hzs+) . . . 

lWC,&o+) ,.. r.. 

quently, correction factors must be applied to the xenon 
equivalent pressure. Here, the subliming, irradiated target is 
defined as a leak with a leaking rate Qj in mbar & s-l. The 
partial pressure of the jth component, pi in mbar, the leaking 
rate, and the effective pumping speed hold the relation: 

P$e$j= Qj * (9) 

With a temporal constant pumping speed, the ideal gas 
law, and integrating over the experimental time t, the number 
of the jth synthesized molecule, #j, yields 

# =ShQjdt Se&j"Sbjdt 
j RT const= - RT const UO) 

with const=5.9628 X 1O22 / mbar mol-’ J-l. Equations (l)- 
(3), and (10) lead to the number of the jth synthesized mol- 
ecules relative to xenon as an internal standard, ‘#j 

with the ideal gas constant R and the temperature T of the 
gas molecules. Effective pumping speeds depending on the 
experimental setup, e.g., conductances of the pump-chamber 
interfaces, the mass of the molecule, are extracted from (Ref. 
14). 

IV. DISCUSSION 

The test experiments, i.e., the 9 MeV a-particle bom- 
bardments of frozen CH4-, I3 CH4-, and CD4- targets at 10 
K, are designed to demonstrate the performance of the matrix 
interval algebra assisted quadrupole mass spectrometry, and 
resolve the formation of Hz and CH, (2GxG3), as well as a 
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great variety of higher hydrocarbons, i.e., qH,(2~xs6), 
C,H,(x=4,6,8), C,H~2,+2j(4QnG14), and aromatic mol- 
ecules (benzene, mono- and disubstituted benzenes, naphtha- 
lenes, substituted naphthalenes, and anthracene and/or 
phenanthrene). A complete reaction network including for- 
mation mechanisms is elucidated.14 

Tables V and VI quantify the generated hydrocarbons 
and molecular hydrogen expressed in synthesized molecules 
relative to xenon as an internal standard, ‘#j. Although only 
five deuterated and four 13C-labeled molecules were cali- 
brated, reasonable error limits, suitable for planetary atmo- 
spheric research, are achieved. Furthermore, Figs. 1 and 2 
depict time-dependent xenon equivalent pressures of H2 dur- 
ing both test experiments. The relative partial pressure 
changes are the result of the ion bombardment (for the first 
60 min) and the release to room temperature during the heat- 
ing process, cf. Sec. III A. All data points and error intervals 
were calculated via matrix interval algebra as described in 
Sec. II. The computed error limits underscore the necessity 
for including experimental uncertainties, i.e., the ion current 
and the calibration. On the other hand, neglecting the errors 

TABLE V. Quantification of calibrated hydrocarbons and Dz in irradiated 
CD,-targets at 10 K in terms of synthesized molecules relative to xenon as 
an internal standard, ‘#j [cf. Eq. (ll)]. 

Molecule r#i 

D? (0.6r0.4)x lOI 
CD4 (23F0.4)X10L8 

Wz (1.4’-tO.6)X 10” 
C2D4 (I.31O.7)X1O’6 

wJ6 (1.3C0.2)X10L7 

Quantification of gas mixtures 
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TABLE VI. Quantification of calibrated hydrocarbons and H, in Irradiated 
‘“CH, targets at 10 K in terms of synthesized molecules relative to xenon as 
an internal standard, ‘#j [cf. Eq, (ll)]. 2’3C,H4 defines the contributions of 
allene, propyne, and cyclopropene, 813C31-& those of cyclopropene and pro- 
pene. 
____~~~ 

Molecule I#; 

H? (0.7 20.5) x 10’8 
*3CHq (3.1~0.1)x10’s 
‘“C*H, ~8.2t0.8)x10’6 
‘3C*H, (3.3?1.3)X10’5 
‘3C;H, (4.4k3.7)X 10’8 

C’“C,H, 
;‘“C3H, 

(1.4~0.7)X 10’8 
ii (1.4t0.7)X10’” 
13C3H8 (7.3+o.3)x10’5 

,z-‘~C~H,~ (1.8r0.3)x10’5 
i-13C H 4 10 (3.420.1)X 10’6 

of calibration coefficients yields, in the case of on line and in 
situ probing of complex gas mixtures, a solution of the linear 
equation set (3), but meaningless negative partial pressures 
dominate in the right-hand vector. 

The data demonstrate the performance of matrix interval 
algebra assisted quadrupole mass spectrometry in on line and 
in situ probing of complex gas, as demonstrated in a quanti- 
fication of molecular hydrogen in a complex hydrocarbon 
mixture. This eliminates the time- and payload-consuming 
preseparation techniques used in planetary space missions; 
calibration factors can be determined in terrestrial laborato- 
ries. In addition, a number of mixture samples from pure 
analytes containing neat hydrocarbons as well as oxygen, 
nitrogen, and other heterospecies can serve as extra checks 
for comparing the results of MIA and GCMS. Further on, 
this versatile approach can be extended to thermally labile 
and reactive molecules and radicals, hence, enabling one to 
elucidate the reactive intermediates in planetary atmospheres 
quantitatively. Corresponding calibration coefficients can be 
achieved by flash pyrolysis of radical precursors and simul- 
taneous UV/IR-laser-QMS sampling. Therefore, matrix in- 
terval algebra assisted quadrupole mass spectrometry can re- 
place GCMS techniques in planetary missions, if the 
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FIG. 1. Time-dependent xenon equivalent pressures of D, during a 60 min 
CD4 irradiation at 10 K, during the equilibration phase (90 min at 10 K), and 
during heating of the sample to 70 K at 116 K min-‘, and at 1 K min-’ to 
298 K. The background data were collected during the first 10 min. 
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FIG. 2. Time-dependent xenon equivalent pressures of Hz during a 60 min 
‘“CH, irradiation at 10 K, the equilibration phase (90 min at 10 K), and 
during heating of the sample to 70 K at l/6 K min-‘, and at 1 K min-’ to 
298 K. The background data were collected during the tist 10 min. 

quantification of radicals is needed or the payload has to be 
reduced. 

Further improvements of this procedure should focus on 
minimizing the experimental calibration errors: magnetic 
suspended, oil-free turbomolecular pumps guarantee more 
stable pumping speeds than a cryopump. Additionally, pump- 
ing speeds are more easily accessible through theoretical cal- 
culations because the sticking coefficients of the cold sur- 
faces, and, in the worst case, the sublimation of gases from 
the first stage and the recondensation on the second one, do 
not have to be taken into account. Second, the operation of 
spinning rotor gaugesI reduces calibration errors to less than 
1%: calibration of the mass spectrometer is performed di- 
rectly, i.e., without preparing binary gas mixtures. Last, the 
addition of higher molecular weighted hydrocarbons and 
their isomers elevates the level of confidence in the determi- 
nation of unsaturated molecules fragmented from their parent 
ions. 
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