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Mass Spectrometric Analysis of Reaction Products
of Fast Oxygen Atoms-Material Interactions
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To study the reaction products of atomic oxygen impingement on spacecraft external materials, a quadrupole
mass spectrometer coupled to transfer ion optics has been integrated into a space simulation chamber, equipped
with a laser-assisted source of fast oxygen atoms. The mass spectrometer is used in a time-of-� ight mode, which
makes it possible to separate the effects of uv–vuv photons, oxygen ions, and oxygen atoms, all of which are
present simultaneously in the pulsed neutral beam. Neutral surface reaction products are ionized either by charge
transfer or by nonresonant laser multiphoton ionization. Initial studies on three polymer samples evidence a high
analytical sensitivity, making it possible to detect and to differentiate the reaction products. Comparison between
mass spectra data and direct mass loss measurements on several polymeric materials shows the semiquantitative
aspect of the analysis technique that has been developed.

Introduction

O XYGEN atoms in low Earth orbit (LEO) at altitudes of be-
tween 200 and 900 km, combinedwith high orbital velocities,

give rise to hyperthermal reactions on satellite surfaces. An aver-
age value of the O-atom number density at 400 km is on the order
of 108 atoms ¢ cm¡3. A spacecraft orbiting at 8 km/s impinges on a
� ux varyingbetween 1013 and 1015 O-atoms ¢ cm¡2 ¢ s¡1, depending
on the altitude, solar activity, season, variation in the Earth’s mag-
netic � eld, and latitude.The collisionenergy is approximately5 eV.
Spacecraftmaterial surfaces are degraded by the hyperthermaloxy-
gen atoms upon impact, as shown by post� ight analysisof polymers
and paint surfacesexposedduring Space Shuttle � ights, e.g., STS-5,
STS-8, and STS-46.1¡5 Polymers suffer weight loss, change in var-
ious properties, loss of surface gloss, and premature aging. Erosion
of surface materials by fast O-atoms is accompanied by emission
of volatile reaction products. These constitute a possible source of
contaminationfor criticalparts of spacecrafton which they can con-
dense. This contamination leads to a modi� cation of the properties
of thermal control coatings and thermal blankets, reduction of the
electrical yield of the solar arrays, and degradation of the perfor-
mance of optical components. It is therefore important to study this
contaminationproblem and the material erosionmechanism caused
by atomic oxygen (AO) in LEO.

A characterization method has been developed and adapted to
Chambre Adaptée pour Simulation de l’Oxygène Atomique sur
Revêtements (CASOAR), a space simulation chamber employing
a laser-assisted source of fast oxygen atoms. A quadrupole mass
spectrometer (QMS) has already been used to characterize the CA-
SOAR’s fast AO pulsed beam.6 It was chosen here to analyze the
species evolved by surfaces bombarded with fast O-atoms in the
same facility. A � ight experiment Evaluation of Oxygen Interac-
tions with Materials III (EOIM III) has also employed a QMS tech-
nique for a similar purpose in the past.7;8 Mass spectra of oxida-
tion products obtained from organic polymers have been published;
these products were studied without consideration of the energy
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and nature of the species present in the fast O-atom source.9¡13 In
the present study, the earlier time-of-� ight (TOF) characterization
of all of the species present in the AO source and the QMS tech-
nique coupled with an ion transfer optics in a TOF measurement
enabled us to separate the effects of ultraviolet–vacuum ultraviolet
(uv–vuv) photons in synergy with oxygen ions and oxygen atoms,
present in the AO source, which can improve our understandingof
material degradation mechanisms. Here, ionization of the volatile
neutral products has been realized either by charge transfer with
the charged species present in the CASOAR O-atoms beam or by
nonresonant multiphotonic laser ionization. After ionization, the
products present in the vicinity of the sample surface have to be
transmitted to the mass analyzer in the most ef� cient manner. An
ion transfer optics has been developed. Application of the QMS
to this study requires some adaptations that will be indicated here.
Then we will describe the experimental setup (including the ion
optics) and the data acquisition system. Finally, depending on the
chosen analysis con� guration, experimental results obtained with
different polymeric materials will be presented.

Experiment
AO Source

The AO source used in CASOAR involvesa pulsed laser-induced
breakdown (PLIB) of molecular oxygen. This technique, described
elsewhere,14 delivers a pulsed beam at 8 km/s, with a typical � uence
of 3 £ 1015 atoms/cm2 per shot at 40 cm from the source. The AO
beam deliveredby CASOAR contains fast neutrals and ions; results
of mass spectrometrymeasurements6 giving the beam composition
are reported in Table 1. Ultraviolet (uv) and vacuum ultraviolet
(vuv) photonswith wavelengthsas low as 60 nm were also produced
during the initial oxygen plasma formation within the nozzle.

Mass Spectrometer
The Balzers QMA420 QMS, already used to characterize the

CASOAR pulsed beam,6 was employed to analyze the incoming
reaction products from the reaction between this beam and mate-
rials. The reaction products appeared temporarily, for a few tens
of microseconds, according to the time distribution of the O-atom
pulses. The maximum velocity of the spectrometer mass scanning
does not allow species with such a short time distribution to be an-
alyzed. To solve this problem, product analysis must be carried out
in sample mode; i.e., the mass spectrometer is set at the mass of
the product that has to be detected. After ionization, the oxidation
products are introduced in the QMS by means of collection and
ion transfer optics. The total number of ions transmitted via the ion
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Table 1 Different species in the AO pulsed beam
at 8-km ¢ s ¡ 1 velocity

Velocity, Fluence per pulse, Relative
Species km ¢ s¡1 species ¢ cm¡2 quantity

O 8 § 15% 2:9 £ 1015 91%
O2 8 § 15% 2:6 £ 1014 9%
OC 10.6 § 15% 7:9 £ 1010 25 ppm
OC

2 10.9 § 15% 1:4 £ 1010 5 ppm

Fig. 1 Sample exposure to
O-atom beam in CASOAR.

optics is large enough to obtain at the exit of the QMS secondary
electronmultiplier (SEM) an electron current that can be visualized
directly on the load resistance of a digital oscilloscope. This tech-
niqueallows one to recordthe time distributionof the ionshitting the
SEM conversion dynode. The load resistance must be high enough
to visualize signals of a few millivoltsbut as low as possible to mini-
mize the time constantof the measuringline to avoidmodi� cationof
the TOF distributions.Analysis is carried out mass by mass, in steps
of 1 mass unit, from 0 to 200 amu. The signalsobtainedare digitized
and stored in � les for further integration.All of this makes the study
longer than is usual when working in the mass scanningmode. Peak
intensities in the histograms presented in this paper correspond to
the integrationof the analog signals visualized on the oscilloscope.
The studied material sample was placed at 40 cm from the nozzle
throat and on the propagation axis of the ions in the quadrupole;
this axis formed a 50-deg angle with the propagation axis of the
CO2 laser used for the PLIB. The sample was located 3 cm from
the CO2 laser axis; the beam containing the O-atoms impinged on
the sample at its center, with a 45-deg angle to the normal (Fig. 1).
The entrance of the collection ion optics was 12 mm from the sam-
ple surface; this distancewas minimized to obtain a wide collection
opening.The distancebetween the ion optics entranceand the QMS
was 190 mm. High vacuum pumping of the spectrometer head was
performedto raise the signal/noiseratio,usinga 400-l/s turbomolec-
ular pump. The neutral oxidation products that were desorbed from
the sample surface in the absence of charged species in the O-atom
beam were ionized by a uv laser beam delivering 266-nm photons,
corresponding to the fourth harmonic of a Quantel YAG laser. This
laser beam, 10 mm in diameter, was introduced into the CASOAR
vacuumchamber from the top, via threemirrors and a silica window
(Fig. 2). It was tangent to the sample surface;care was taken to avoid
laser ablation of the surface by the beam.

Optics for Collection and Transfer of Ions
The cations,creatednear the sample surface,were introducedinto

the ion optics by means of an extracting electron � eld. This � eld
was obtainedwith a tungstengrid (150-¹m mesh, giving80% trans-
parency) placed in close contact with the sample surface and biased
to a positivepotentialand a secondsimilar grid, located10 mm from
the sample at the ion optics entrance, at ground potential. A soft-
wareprogram(SIMION, developedby the IdahoNationalEngineer-
ing Laboratory15 ) allowing ion trajectories in electric and magnetic
� elds to be computedwas used to design the ion optics.Knowing the
sample position relative to the ion optics entrance, we simulated the
trajectories from three positions on the sample surface for 44 amu
ions. For each position, ions were emitted within one half-space
in 15-deg steps, assuming 1-eV kinetic energy desorption (Fig. 3).

Fig. 2 Experiment with nonresonant multiphoton YAG laser ioniza-
tion.

Fig. 3 Trajectory simulation of CO+
2

ions, having 1-eV initial kinetic energy
from three points on the sample sur-
face.

Fig. 4 Trajectory simulation of 31-eV CO+
2 within the transfer ion

optics.

This energy corresponds to the maximum kinetic energy at which
oxidationproductscan be evolvedupon 5-eV O-atom impingement.
The potential difference must not exceed 50 V to avoid giving ions
a kinetic energy that is too high for good � ltering in the quadrupole;
the simulation shows that a 30-V potential difference between the
two grids is suf� cient to collecta largepart of the cations.The optics
dimensions were determined by geometry constraints; 190 mm in
length and entrance diameter equal to 20 mm. The optics aims at
good transmission of the collected ions and optimum introduction
into the quadrupole for � ltering, i.e., concentration in the center of
the QMS entrance (2.5-mm diam) and trajectories parallel to the
axis. After many trajectory simulations, using the entrance condi-
tions through the grid (positions, velocity, and angles) de� ned ear-
lier, the followingoptical systemwas selected:a � rst ion lens,biased
to 24-V potential, and a grounded diaphragm are used to collimate
the ions; a second ion lens, biased to about 25 V, and a grounded
diaphragm are used to concentrate the ions at the entrance of the
mass spectrometer.

Figure 4 shows trajectories of COC
2 ions (m=q D 44), desorbed

from a sample with a kinetic energy of 1 eV. This simulation result
indicates that a great majority of the ions emitted into the complete
half-space will be introduced in the mass spectrometer in optimum
conditions to ensure mass � ltering by the quadrupole.
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Nonresonant Laser Multiphoton Ionization
Nonresonantmultiphotonlaser ionizationwith photonsat266-nm

wavelength, i.e., 4.66-eV energy per photon, makes it possible to
ionize almost all organic compounds, which have potential ioniza-
tion between 6 and 12 eV, by absorptionof 2 C1 photons.The main
interest of this technique is that the exact nature of the incoming
products from the interaction of fast O-atoms and polymer materi-
als does not need to be known beforehand.In the presentstudy,most
of the reactionproducts are unknown.However, they are all organic
compounds, and therefore they can be ionized by the nonresonant
multiphotoniclaser technique.Comparedwith otheruv sourcessuch
as deuterium lamps, a YAG laser has evident advantages because
of its high photon density and directionality, increasing the ioniza-
tion probabilities.Here, by using a laser beam ionization, it is also
possible to limit the disturbances caused by background products
because only the charged species present in the volume resulting
from the intersectionof the laser beam and the locus of the electric
� eld created by the tungsten grids will be introduced in the mass
spectrometer.For a YAG laser delivering90-mJ laser pulsesof 10-ns
width, the power density within a 10-mm beam is 12 MW ¢ cm¡2,
which is suf� cient to ionize a large amount of molecules.16;17 One
major problem in using the nonresonantmultiphotonic laser ioniza-
tion technique is the perfect synchronizationbetween the YAG laser
� ring and the fast O-atoms pulse reaching the sample surface. This
was solvedby meansof synchronizationelectronicsanda pulsegen-
erator, making it possible to adjust the laser � ring with the O-atom
beam on the sample surface, at a pulse repetitionrate of 2.4 Hz, with
an accuracy of 1 ¹s.

Material Test Procedure
The sample (1 cm2) studied under the CASOAR pulsed beam

was inserted between a metallic plate and a tungsten grid (150-¹m
mesh, allowing80% transmission) thatwere biasedat the same posi-
tive voltage. The ionized products emanating from the sample were
introduced into the quadrupole mass � lter, via the ion optics, by
means of the extractionelectric � eld. At the quadrupoleexit, the � l-
tered ions were directed to the SEM to be converted and ampli� ed
into an electronic current; signals were visualized on an oscillo-
scope using a 120-kÄ load resistance. Once these signals obtained
with successiveAO pulses had been averagedover eight shots, they
were digitized and stored in a � le to be processed in a data pro-
cessor. Product analysis was carried out in two steps. First, a fast
mass scanning from 0–200 amu was performed, applying to the ion
optics the standard voltage found during the trajectory simulation
studywith SIMION. The ion source parameterswere chosen to give
a mass separatingpower 1m less than one unit. Then the mass spec-
trometer was put in a sample mode on the heavier ion mass found
previously, and the potential values were optimized to obtain the
most intense signal on the oscilloscope; the mass resolution was
also optimized to ensure that the signal value was zero between two
products separatedby one mass unit. Parameters thus obtainedwere
kept constant for all masses to permit relative quantitative analysis
of the different products, assuming that transmission and � ltering
remained the same in the mass range 0–200 amu. Mass spectra of
oxidation products were determined, under bombardment by the
CASOAR beam, in two test con� gurations: 1) with the raw beam,
composed of all fast neutral and charged species, plus the uv–vuv
photons emitted by the source (in this con� guration the reaction
products were ionized by charge transfer with the charged species
present in the O-atom beam) and 2) with a neutral beam, cleared
out by removal of its charged species by means of a magnetic � eld
placed at the exit of the nozzle (in this con� guration the reaction
products cannot be ionized by charge transfer, and so they must be
ionized before QMS measurement, using nonresonantmultiphoton
laser absorption at 266-nm wavelength).

Background Products of the Measuring Line
In practical experimental conditions, several parasitic products

may be added to the reaction products: oxidation products resulting
from interactionof the largeO-atom beam with all materials present
in the chamber, background gas, contamination (especially on the
sample tungstengrids), and molecularoxygenobtainedby recombi-

Fig. 5 Backgroundnoisemeasured on the empty sampleholder, under
action of the CASOAR raw beam.

Fig. 6 Analog signal at m/q = 44 obtained on FEP with the raw beam
and with the CASOAR neutral beam.

nation of oxygenon the surface. In our experiments,a tungstengrid
was always employed on the sample surface. Therefore, a subtrac-
tion of these parasiticproductshad to be performed;this was carried
out by subtracting the products spectrum obtained with a tungsten
plate for the complete mass range from 0 to 200 amu, in 0.2-amu
mass steps (Fig. 5) from the sample spectra.Between 0 and 16 amu
productsare not shown because � ltering by the quadrupolewas dis-
turbed by the excessive quantities of hydrogen and AO that were
present in the chamber. It was not possible to solve this problem
by raising the mass resolution to a maximum because this consid-
erably reduced the sensitivity for heavy mass products. Therefore,
information related to species with a mass lower than 16 amu is not
available in the mass spectra presented next.

Analog Signal Relative to Reaction Products Obtained by Interaction
of the CASOAR Raw Beam with Materials

Figure 6 shows the general shape of the signals obtained for ox-
idation products; this � gure is related to species ionized by charge
transfer, at the mass/charge ratio m=q D 44 (COC

2 ). The signal
displays two peaks at 60 and 100 ¹s. The origin of the time axis
corresponds to the CO2 laser � ring, creating the AO beam in the
nozzle. The time appearance of these peaks can be decomposed
into two parts: 1) TOF of the beam species from the nozzle to the
sample, located 40 cm from the nozzle throat and 2) TOF of the re-
action products from the sample surface to the SEM, through the
transfer ion optics and the mass � lter.

Because the ionized products have the same kinetic energy on
exiting from the extracting electric � eld, their TOF to the SEM is
the same. Therefore, the two distinct peaks are due to a difference
in the TOF of the CASOAR beam components responsible for the
creationof those products.The � rst peak is due to the fastest species
contained in the beam, i.e., the OC and OC

2 ions. A previous study6

indicates that these primary ions travel at 11 km/s, with a TOF
of about 35 ¹s from the nozzle to the sample; the TOF between
sample and SEM for ionized oxidation products that is computed,
at m=q D 44 under an extracting electric � eld of 40 V, is about
25 ¹s; this corresponds to a total TOF of approximately60 ¹s. The
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second peak is due to the neutral species, O and O2 . The TOF of
this neutral species from the nozzle to the sample is about 50 ¹s at
8 km/s. The TOF of the formed species at 44 amu is always 25 ¹s,
giving a total TOF of approximately 75 ¹s. However, Fig. 6 shows
that the second peak is delayed by about 20 ¹s when compared
with this theoretical TOF. Such a delay could be due either to an
ionization of the oxidation products occurring at a greater distance
from the sample surface or to a time delay caused by the potential
barriers of the electrodes in the ion optics. The charged species
in the CASOAR raw beam can be ef� ciently suppressed using a
magnetic � eld placed transversally to the beam expansion at the
nozzle exit (see the next section). Figure 6 shows that the mass
signal disappearswhen the charged species are no longer present in
the O-atom beam; therefore, the ionization of the reaction products
can be attributed to a charge transfer between these neutrals and the
ions present in the CASOAR beam. The charge transfer is possible
as a consequenceof an overlappingof the time distributionsof ions
and neutrals in the raw beam. The absence of a signal with the AO
beam without the chargedspecies indicates that the formedproducts
are predominantly neutral. The TOF difference between ions and
neutrals in the O-atom beam gives us the species responsible for
the formation of products. By separately integrating the two peaks,
distinct mass spectra due to the action of oxygen ions and oxygen
atoms can be obtained.

Analog Signal Relative to Products Obtained by Interaction
Between the AO Beam and Materials

Ferrite permanent magnets, delivering a 0.14-T magnetic � eld,
make it possible to de� ect with 4.7-cm curve radius OC

2 ions with
a velocity of 20 km ¢ s¡1. This has been veri� ed experimentally
by means of a Langmuir probe,18 and the technique has been em-
ployed for delivery of a neutral beam in the CASOAR. The neu-
tral reaction products were ionized by nonresonant multiphotonic
laser absorption at 266 nm. Figure 7 shows an analog signal ob-
tained, at m=q D 44, on a � uorinated ethylene-propylene (FEP)
sample bombarded with such a neutralized beam of O-atoms. The
� rst peak, a, with an intensity of approximately 5 mV, corresponds
to the electromagnetic noise produced by CO2 laser � ring. Peak b,
about 2 mV, corresponds to a photoelectron emission on the SEM
converting dynode; it was induced by the uv–vuv photons emitted
during initial oxygenplasma formationwithin the nozzle.Although
the mass spectrometerwas not in the uv–vuv propagationaxis, pho-
tons entered the mass spectrometerafter re� ectingoff the chamber’s
metallic walls; a similar observation was made when the EOIM-III
QMS was under ground calibration.19 Peak c, located at 60 ¹s, cor-
responds to the action on FEP of a few oxygen ions that were not
deviated by the magnetic � eld. Lastly, peak d, at 100 ¹s, corre-
sponds to reaction products resulting from interaction of the AO
beam with FEP, which were ionized by nonresonantmultiphotonic
absorption. The time delay on the delay generator was adjusted to
synchronize exactly the YAG laser pulse and the arrival of AO on
the sample surface, i.e., 50 ¹s after � ring the CO2 laser. The broad
time distribution of the products ionized by the YAG laser pulse,
which is only 10 ns in duration, is due to the fact that the reaction

Fig. 7 Analog signal at m/q = 44 measured on FEP under action of the
neutral beam.

Table 2 Experimental conditions for AO source, mass
spectrometer, and YAG laser

Parameter Value

Fire frequency, Hz 2.4
Time delay between microvalve opening 475

and CO2 TEA laser � ring, ¹s
Molecular oxygen � ow, cm3/mn 10
CO2 TEA laser energy per pulse, J 10 § 5%
Sample grid polarization, V 44
SEM polarization, V 2400
YAG laser energy at 266 nm, mJ/pulse 90
Power density, MW/cm2 12
YAG laser delay after O-atom formation, ¹s 50

Fig. 8 Time distribution of species in the raw beam at the sample
location.

products,which are ionized by the laser beam (10 mm in diameter),
are not extracted by the same electric � eld, thus giving different
TOF in the apparatus. This large distribution could also be due to
different ion trajectories in the ion transfer optics. Comparison of
the signal obtained by laser ionization with that obtained by charge
transfer con� rms that the second peak obtained under the O-atom
raw beam corresponds to the action of AO because it appears at the
same time as the one obtained with laser ionization. A small time
delay observed between the two peaks relative to the O-atom ac-
tion con� rms the charge transfer ionizationof neutral productswith
charged species of the beam: because the time distribution of ions
and neutrals in the beam have only overlapped partially (Fig. 8),
only products from the fastest O-atoms can be ionized.

Test Results on Polymer Samples
Experimental Conditions

Testing with 8-km ¢ s¡1 O-atoms was carried out on � uorinated
polymers, in the two con� gurations indicated earlier. Table 2 gives
the AO source and YAG laser parameters,when the charged species
are removed from the O-atom beam and product ionization is ob-
tained by multiphoton absorption at 266 nm. QMS resolution is
insuf� cient to determine exactly the chemical composition of the
detected ions. Therefore, in the following mass spectra, only a ten-
tative assignment of the peaks to a chemical composition of ions
is given. The composition of reaction products was estimated by
associating the atomic species present in the material’s chemical
formula and oxygen atoms.

FEP
Transparent FEP � lms are used as � exible solar re� ectors, ther-

mal insulation multilayers, and substrates for special usages. The
chemical structure is

[CF2 CF2]m CF2 CF

CF3
n

Figure 9 shows the mass spectrum of products obtained during
interaction of FEP with the AO beam containing oxygen ions. The
relative intensity,at each mass, results from a peak integrationof the
analog signal, appearingat about 60 ¹s and recordedon the oscillo-
scope (see Fig. 6), after subtractionof the blank signal measured on
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Fig. 9 Mass spectrum of the products resulting from interaction be-
tween FEP and the ionic part of the CASOAR raw beam (ionization by
charge transfer).

Fig. 10 Mass spectrum of the products resulting from interaction be-
tween FEP and the neutral part of the CASOAR raw beam (ionization
by charge transfer).

the empty sample holdercoveredwith the same grid as used to mate-
rial measurements.The mass range was scannedfrom 0 to 200 amu,
in 1-amu steps. The mass spectrum, showing mainly oxygenated
products with light mass, indicates a predominant process of chem-
ical damage by oxidation.However, the presence of nonoxygenated
� uorocarbonedproducts, in nonnegligiblequantity and correspond-
ing to polymer chain fragments such as CFC; CFC

2 ; CFC
3 ; C2F

C
4 , and

C3FC
6 , suggests a damage process by collision bond breaking by

the ions and/or depolymerizationby vuv photons. In this spectrum,
all of the products obtained by Cross and Koontz9 with FEP under
O-atomsandvuvbombardmentarepresent,alongwith heavierprod-
ucts such as C3FC

6 . Similarly, Fig. 10 shows the mass spectrum of
products obtained under only O-atom impact. The products formed
are only oxygenatedproducts; the nonoxygenated� uorinated prod-
ucts have disappeared. O-atoms with 5-eV kinetic energy do not
have suf� cient energy to break C—C bonds. Catherine20 indicates
that the energy required to create erosion by a collision process is
approximately three times the bond energy.The C—C bond energy
is 3.6 eV (Ref. 21); consequently, bond breaking of the monomer
seems easier with OC and OC

2 , with respective energies of about
10 and 20 eV, than with the O-atoms of CASOAR, which have a
kinetic energy of about 5 eV. It is important to note that the � uo-
rinated fragments could also be produced by vuv photons, created
during plasma formation in the nozzle, with complementary ion-
ization by charge transfer with ions. This mechanism is possible
because of a time overlap of the distribution of vuv photons (emit-
ted in the 115–180 nm wavelength range) with that of beam ions on
the sample surface (Fig. 8). Emission of high mass � uorocarboned
products, such as CmFn , by FEP under vuv photons has already
been shown.9;22;23 According to results reported by Koontz et al.,24

FEP appears to have a weak reactivity to AO in the absence of
vuv photons. This is con� rmed by the mass spectrum in Fig. 10.
The production of � uorocarboned compounds under vuv radiation
is undeniable; however, in Fig. 9, the � uorocarbon products could

Fig. 11 Mass spectrum of the products resulting from interaction be-
tween PVDF and the ionic part of the CASOAR raw beam (ionization
by charge transfer).

Fig. 12 Mass spectrum of the products resulting from interaction be-
tween PVDF and the neutral part of the CASOAR raw beam (ionization
by charge transfer).

also be the result of a collisionprocesswith oxygen ions. The use of
an optical chopper, stopping the uv–vuv photons while maintaining
the O-atoms, would havemade it possibleto determinemore exactly
the origin of the degradation products, but this would be a dif� cult
and expensive task and has not been carried out in the present study.

Polyvinylidene � uoride (PVDF)
PVDF � lms are used on account of their piezoelectricproperties.

The chemical structure is [CH2—CF2]n .
Figures11 and 12 showmass spectraof the products,respectively,

obtained under the action of the ions and oxygen atoms of the raw
beam; in both cases these products were ionized by charge trans-
fer. The spectra are similar to those obtained with FEP. Most of the
products were oxygenated carboned compounds, but there are also
some hydrogenatedproducts.Fluorocarbonedproductswerenotob-
served at masses higher than 100 amu. Products similar to CH2CF2

fragments in which hydrogen atoms have been substituted by oxy-
gen atoms appeared at high masses such as 78, 91, and 94 amu.
However, these products were in small quantities compared with
products such as HF, CO, CO2 , or COF. Figure 13 shows the mass
spectrum of products obtained with a neutral oxygen beam and that
have been ionized by nonresonant laser multiphotonic absorption;
the products are logically the same as those in Fig. 12; neverthe-
less the hydrogenated products were larger. This may be attributed
to an easier ionization of hydrogenatedcompounds, which are less
electronegative than the oxygenated products.

Polyethersulfone (PES)
A transparent PES � lm, 50 ¹m thick, was studied. PES can be

used as structural polymer or as matrix in composite materials on
spacecraft. Its chemical structure is [C6H4—SO2—C6H4—O]n.

Identi� cationof thepeakscorrespondingto sulfuredproductswas
facilitatedby the presenceof the S34 isotope,correspondingto about
4% ofS32 . The mass spectra(Figs. 14 and 15) were obtainedwith the
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Table 3 Evaluation of AO reactivity measured in CASOAR and correlation between mass loss
estimated from QMS and directly measured

Ratio of mass loss with and without
Reactivity, cm3 /atom ions in the CASOAR beam

CASOAR CASOAR Calculation from Measurement
Sample with ions without ions LEO8;25 mass spectra by weighing

FEP 1:9 £ 10¡24 0:4 £ 10¡24 0–0:05 £ 10¡24 4.5 4.1
PTFE 1:2 £ 10¡24 0:5 £ 10¡24 0–0:06 £ 10¡24 2.3 2
PVDF 3 £ 10¡24 1:6 £ 10¡24 0:6 £ 10¡24 1.9 1.7
PVDCa 4:6 £ 10¡24 3:4 £ 10¡24 —— 1.4 1.4
E-CTFEb 2:7 £ 10¡24 2:4 £ 10¡24 0:9 £ 10¡24 1.1 1.3
PPSc 1:9 £ 10¡24 1:6 £ 10¡24 —— 1.2 1.2
PES 2:4 £ 10¡24 2:1 £ 10¡24 2:4 £ 10¡24 1.2 1.05

aPVDC, polyvinyldichloride. bE-CTFE, polyethylene-chlorotri�uorethylene. cPPS, phenylenesul�de.

Fig. 13 Mass spectrum of the products resulting from interaction be-
tween PVDF and the neutral part of the CASOAR neutral beam (ion-
ization by multiphotonic absorption).

Fig. 14 Mass spectrum of the products resulting from interaction be-
tween PES and the ionic part of the CASOAR raw beam (ionization by
charged transfer).

Fig. 15 Mass spectrum of the products resulting from interaction be-
tween PES and the neutral part of the CASOAR raw beam (ionization
by charge transfer).

Fig. 16 Products mass spectrum obtained with PES under O-atom
neutral beam.

O-atom raw beam. The emitted products, e.g., CO, CO2 , SO, SO2,
and SO3, are typicalof the photooxidationof sulfuredpolymers.The
limitedQMS resolutiondoesnot allowone to ascertainif theproduct
at m=q D 64 was S2 or SO2: the presence of isotope S34 does not
make it possibleto obtain suf� cient informationhere; however,SO2

seems more probablebecause this product results from the action of
the AO. Nonoxygenatedhydrogenatedcarbonedproductsincoming
from the phenylgroupwere observed.In Fig. 16, the mass spectrum,
obtained under a neutral AO beam, shows the same products as
obtained with the raw beam (Fig. 15). Products corresponding to
the phenyl group appeared; SO3 was not observed.

Correlation Between Mass Spectrometry Measurements
and Erosion Measurements

Oxygen ions that are present in the O-atom raw beam can have
an in� uence on material degradation. This has been further evalu-
ated. Mass loss measurements were performed on different materi-
als bombarded with the CASOAR pulsed beam, at 8 km/s, with and
without charged species present in this beam. The material samples
were located 35 cm from the nozzle, in the central part of the beam.
The samples were subjected to 50,000 beam pulses. Erosion data
on several Kapton® polyimide reference samples, either surround-
ing the tested materials or replacing them, were also obtainedwhile
maintaining identical bombardment conditions. As compared with
the mass loss found using the raw beam, i.e., neutrals plus ions, the
Kapton mass loss was measured to be lower by 24% when this ma-
terial was bombarded by AO without the charged species, keeping
the same sourceparametersand an identicalpulsenumber.A widely
acceptedvalueofKapton reactivityis 3£10¡24 cm3/atom; thisvalue
was deduced from several � ight experiments in LEO25; it is used
to evaluate the O-atom � uences during ground simulation testing in
most AO facilities all over the world, including in past experiments
using the CASOAR raw beam. Applicationof the CASOAR erosion
datawould lead to differentreactivitiesforKapton,dependingon the
presence or absence of charged species. Using 3 £ 10¡24 cm3/atom
as Kapton reactivity under the CASOAR raw beam (neutrals C
ions), the reactivity of the same material would be estimated to be
only 2:3 £ 10¡24 cm3/atom upon testing involving elimination of
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the charged species. Similarly, Table 3 shows the reactivity coef� -
cients derived from testing in CASOAR for some other polymers; it
con� rms that the effect of the chargedparticleson material degrada-
tion is serious, although they represent only a few parts per million
compared with the quantity of O-atom in the beam. Fluorinated
polymers seem to be particularlysusceptibleto ions, with a reactiv-
ity two times higher for polytetra�uorethylene (PTFE) and PVDF.
For FEP the reactivity with ions is four times higher than measured
without charged species. This great sensitivity of FEP toward ions
can be put in parallel with data from Vered et al.,26 who measured
a reactivity of 6 £ 10¡22 cm3/atom for FEP under irradiation with
30-eV oxygen ions. Chlorinated polymers present a reactivity that
is 30% higher with ions. Sulfured polymers seem to be less sensitive
to ions, with a reactivity about 15% higher to that obtained without
ions. These reactivity coef� cients have to be compared with those
obtained on � ight experiments in LEO and during tests in simu-
lators with a similar AO source (Table 3). Reactivity coef� cients
found in CASOAR for halogenatedpolymers, with or without ions,
are higher than those measured in LEO. This may be attributed to
the uv–vuv photons produced during oxygen plasma formation in
the nozzle, to which halogenated polymers are very sensitive. AO
reactivity measured in simulators at the Los Alamos National Lab-
oratory, Physical Sciences, Inc., or the European Space Research
and Technology Centre, with an AO source similar to that used in
CASOAR, is of the same order.24;27;28 For PES, the reactivity coef-
� cient is the same as that found in LEO. This shows that sulfured
polymers are not sensitive to uv–vuv photons.

Using the mass spectra previously obtained, we tried to estimate
the mass loss ratios obtained with and without charged species in
the O-atom beam. For that purpose, the intensity of each mass peak
was multiplied by the mass corresponding to this peak. Each mass
was also corrected by subtraction of the amount of oxygen, con-
sidering the chemical composition attributed to the peak. A total
mass loss was calculated by summing all of the weighed values of
the peaks forming the mass spectrum. Table 3 gives the ratios ob-
tained by dividing the total mass loss under the CASOAR raw beam
(ions and AO) by the total mass loss under the CASOAR beam after
elimination of ions. Table 3 also gives the ratios obtained from di-
rect weighing of the sample mass loss using a microbalance. The
fact that the same mass loss ratios were found, by weighing and by
computation from the mass spectra, allows us to say that the QMS
analysis of the incoming products from the interactionbetween AO
and materials is also semiquantitative: the product quantities ob-
tained for one material under ions and AO impact can be compared.

Conclusion
QMS, coupled with ion transfer optics, has enabled us to develop

an analysis techniquefor incoming reactionproducts from the inter-
action between AO and materials. Probative tests have shown that
this technique has great potential. It is easier and more informative
than laser-induced� uorescencefor detectingand identifyingthe re-
action products. It has a high analytical sensitivity, and the products
can be differentiated in most cases owing to a separating power of
less than one unit. One disadvantageis that the method is time con-
suming (spectrumacquisitionmass by mass, in one-massunit steps;
decompositionof TOF signal). Also, the detectedproductsare ionic
fragments rather than complete molecules,which leaves a great part
to interpretation for the exact identi� cation of species.

The mass spectra data obtained on several polymeric materials
have shown that some reaction products, formed by interaction
between AO and materials used on board, can be dangerous for
spacecraft in LEO: contaminationby condensationon cold surfaces
of high molecular weight species and possible corrosion by acid
species (such as SO2 and SO3). This information is important for
assessing possible problems during missions.

Moreover, in addition to the initial use, which had been antici-
pated, this technique has thrown light on some aspects of damage
mechanisms and more particularly on the respective action of ions,
atoms, and uv–vuv photons.On one hand, this has allowed us to ob-
tain a complete appraisal of the AO testing conditions in CASOAR
and, on the other hand, to highlight the major degradationfactors in
a space environment (for example, the predominant action of vuv

photons over AO for � uorinated polymers). Although not generally
accepted as a TOF measurement method, quadrupole mass spec-
trometry in this particularcon� guration makes is possible to distin-
guish between the action of AO and that of oxygen ions reacting in
synergy with uv–vuv photons, owing to their TOF difference in the
simulation chamber. A comparative quantitative analysis of mass
spectra obtained under the impact of ions and AO makes it possible
to study the in� uence of oxygen ions on material. A comparative
study with mass loss measurements has allowed us to show that the
in� uence of ions on material degradation must be considered, even
if they are in small quantity compared with oxygen atoms.

An ef� cient chemical product ionizationphenomenon,by charge
transfer with the charged species of the simulation beam, has also
been evidenced. The ion � ux, collected by samples 40 cm from
the nozzle in our O-atom beam, is of a magnitude similar to that
collected in LEO at 300-km altitude. Therefore the same ioniza-
tion mechanism of neutral products by charge transfer may be ex-
pected in LEO conditions.This con� rms that transportmechanisms
involving charged species can de� nitely play a role in spacecraft
contamination in these orbits. In conclusion, an interesting tool for
improvingour knowledgeof the behaviorof space materials behav-
ior has been implemented. It could also be used in connection with
other degradationsourcessuch as electronbeam and uv–vuv photon
sources.
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