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Interaction Potential Between Atomic Oxygen and Polymer
Surfaces in Low Earth Orbit

Laiwen Chen∗ and Chun-Hian Lee†
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In the present work, an interaction potential between an incident reactive particle and a material surface is
constructed. The potential is formulated based on the unit bond index-quadratic exponential potential model and
two adjustable factors characterizing the correlations of equilibrium-length scales and of attractive potential. In
addition, the effective potential between monomers is obtained by Lifshitz’s theory. The interaction of atomic
oxygen with Kapton® is computed as a test case using the potential functions developed in the present paper
in conjunction with the molecular dynamic model constructed by Lee and Chen (Lee, C.-H., and Chen, L. W.,
“Reactive Probability of Atomic Oxygen with Material Surfaces in Low Earth Orbit,” Journal of Spacecraft and
Rockets, Vol. 37, No. 2, 2000, pp. 252–256). The reactive probability computed by the present model is found to be
16.8% lower than for the STS-46 flight data, and the law of the incident angle-dependency deduced from the flight
data is also confirmed by the numerical simulation. The numerical value of the accommodation factor computed in
this task is 0.1368, which lies between the values of 0.1165, computed via the hard-sphere model, and 0.68, obtained
from the ground test for atomic oxygen interacting with Kapton at an impingement angle of 45 deg and energy of
1.5 eV. The effects of the two adjustable factors given in the potential model are also briefly discussed.

Nomenclature
Ei = initial kinetic energy, eV
Ēi = initial projectile atom translational

energy, eV
Ē f = scattering atom translational energy, eV
fYE (t) = random force, N
kB = Boltzmann constant
Mg = mass of the Ng atoms, kg
Ms = mass of the inner monomers, kg
Ng = labeled gas atoms
NR = the number of the reactive events
NT = total number of trajectories
PR = reaction probability
〈PR〉 = average reaction probability
PR−LEO = reaction probability of the flight experiment
TS = initial temperature of surface, K
V (X, YI , YE , YF ) = potential energy surface for the full

system, eV
V f = fundamental potential between an

incoming particle and a surface, eV
X = position of the Ng atoms
YI = sets of all inner monomers over all

of the layers
YE = sets of all edge monomers over all

of the layers
YF = sets of fixed monomers over all

of the layers
α = energy accommodation coefficient
〈α〉 = average energy accommodation coefficient
γ = friction coefficient, Hz
δ(t) = Dirac function
εe = equilibrium distance factor
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εgs = weighting factor
θ = specific incident angle of the incoming

oxygen, deg
θD = Debye temperature, K
ξYE = vector of Gaussian random numbers
ωD = Debye frequency, Hz

I. Introduction

S PACECRAFT consist of hundreds of materials, including met-
als, alloys, composites, polymers, glasses, semiconductors,

thermal paints, and optical coatings. Flight experiments have shown
that materials suffer damage to various extents from exposure to
the space environment. Primary requirements for structural mate-
rials used in spacecraft are light weight and high strength. Thus,
organic-based materials or carbon-based composites are widely used
in spacecraft components instead of metals. However, it has been
proved that oxygen atoms cause significant erosion of many materi-
als, particularly organic-based materials. So far, the mechanisms of
atomic-oxygen effects on the polymer surfaces of spacecraft have
not yet been fully understood, so that the planning and design of
long-duration spacecraft in low Earth orbit (LEO) are profoundly
impacted. As a consequence, the development of a theoretical ap-
proach capable of providing reliable data for engineering purposes
becomes essential.

The mechanisms of interaction between energetic atomic oxy-
gen and material surfaces in the LEO environment are discovered
mainly through flight experiments or ground tests, in particular
for polymeric materials.1−5 Few theoretical works deal with in-
teraction phenomena between atomic oxygen and polymeric ma-
terials in LEO at present, due to the dynamic complexity of the
interaction. The mechanisms accounting for atomic oxygen effects
are currently studied based theoretically on the theory of quantum
mechanics in conjunction with the molecular dynamics in Schatz’s
group.6 By correlating the impact energy of the incoming oxygen
atoms and the incident angles with the reaction probability, the re-
combination probability of the oxygen atoms, and related effects
based on the flight and ground-based experimental results, Banks
et al. constructed a Monte Carlo undercutting model for analyzing
the erosion of the material surfaces.7 By employing both the line-
of-centers reactive scattering model and the Beckerle–Ceyer model,
Koontz et al. proposed an approach for predicting the reaction rate
by means of statistical average.8 By neglecting quantum diffraction
of the oxygen atoms, and by assuming that whether an atom on
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a solid surface is chemically activated depends on the tangential
bonds of the atom with atoms on the surface, and that the collision
of the oxygen atom can only take place with one solid atom, Baird
developed a one-dimensional bond orientation model.9

One of the difficulties in formulating a theoretical model for the
interaction between atomic oxygen and the polymeric material sur-
face has been the construction of the interaction potentials. Fol-
lowing the multizone idea proposed by DePristo and Metiu,10 the
present authors formulated a model based on the theory of molec-
ular dynamics and presented a phenomenological interaction po-
tential of an atomic oxygen with atoms on the solid surface.11 An
alternative approach for formulating the interaction potential based
on the unit bond index–quadratic exponential potential (UBI-QEP)
theory is proposed in the present paper. As an illustration, we also
present numerical simulation results for atomic oxygen interacting
with Kapton®, a typical polymer surface material widely used in
spacecraft.

II. Interaction Potentials Between an Oxygen Atom
and a Solid Surface

The interaction potentials between particles in the surface mate-
rial and between an oxygen atom and the surface play a crucial role
in determination of the interaction of an oxygen atom with material
surfaces. In this paper, we primarily consider the interaction po-
tential between incoming particles and polymeric materials that is
suitable for describing the atomic oxygen colliding with polymeric
materials in the LEO environment.

Lee and Chen previously proposed11 an interaction potential be-
tween an atomic oxygen and a surface having the following form:

V (r) = εs D0
e

[
exp

(re − r)

a
− 2εgs exp

(re − r)

2a

]
(1)

where D0
e is the depth of the potential well and re is the equilibrium

interaction distance or the collision diameter. The surface factor εs

counts for the correction due to the effects caused by the interaction
of an oxygen atom with multiparticles on the material surface, and
εgs denotes the attractive potential correction factor. Both factors
can only be determined empirically. Nevertheless, numerical calcu-
lations have revealed that the interaction potential given by Eq. (1)
does not provide sufficiently accurate results in predicting the inter-
action behavior between atomic oxygen and the polymeric surface.
A more sophisticated model for interaction potential is needed.

A. Chemisorption Model
Theoretical descriptions of the interaction between incoming par-

ticles and material surfaces depend strongly upon the energy with
which the interaction takes place. The mass of the projectile particle
and the associated momentum transfer toward the solid also serve
as significant factors in choosing the theoretical model for describ-
ing the interaction effects. As pointed out by Tenner et al., from
low (thermal) to high (10-keV) energy, the surface may be viewed
as evolving from a flat hard wall, through first a corrugated hard
surface and then a corrugated soft surface, to an arrangement of
individual atoms.12 Consequently, theories have to treat the surface,
correspondingly, as a homogeneous electron density, a hard flat or
corrugated wall, a set of soft cubes, and individual atoms in a lattice,
respectively. Each description has its own merit, which is valid only
for a specific energy range. However, in some intermediate regions,
certain mixed descriptions may occur. The particle–surface interac-
tion may not necessarily be described as a series of purely binary
interactions of the incoming particle with the surface atoms, nor can
it be expressed in terms of a corrugated surface potential.

The model for the interaction potential between an incident par-
ticle and a surface is traditionally established based on the “sum
of pair interactions” assumption. As a consequence, it would be
difficult to fully cope with various mechanisms involved in the in-
teraction between an incoming particle and the material surface.13

As for the many-body interaction of a projectile particle with mul-
tiparticles on a material surface, one may intuitively argue that the
overall interaction potential can be represented by a “weighted sum

of pair interactions” where the pair interaction potentials can be
considered as the fundamental potentials. Each of the fundamental
potentials is multiplied by a certain weighting parameter to account
for the contribution of the fundamental part to the overall potential.
We may thus construct a phenomenological interaction potential
model describing the physicochemical properties of the interaction
of an oxygen atom with a material surface.

On account of the oxygen atoms in the LEO environment being
characterized by high translational kinetic energies, and as very ac-
tive oxidizing agents with capabilities of forming bonds of some
atomic oxygen at a material surface, it is proposed here that the in-
teraction potential between an oxygen atom and the material surface
follows the concept of chemisorption. Thus, the UBI-QEP method
can be employed to construct the fundamental potential between an
incoming particle and a surface,14 which is suitable, in principle, for
the chemisorption process at any material surface. Accordingly, by
denoting the fundamental potential as V f , we have

V f = QoA

n∑
i = 1

[
x2

i (ri ) − 2xi (ri )
]
, xi = exp(−(ri − re)/a) (2)

where a is the range parameter, re the equilibrium distance, n the
coordination number, and QoA the bond energy between a projectile
and a single atom of the surface.

The range parameter a may be given by the relationship

rn = r0 + a ln n (3)

where rn and r0 are the equilibrium distances with respect to the
coordination numbers n and 1, respectively. QoA can be obtained
with the following set of relations:

QnA = QoA

(
2 − 1

n

)
, 	E∗

dif = γn QnA

γn = n − 2

4n − 2
, n > 2

	E∗
app = 	E∗

difkint + 	E∗
int D

∗

kint + D∗ (4)

where QnA is the chemisorption heat, γn the corrugation ratio, 	E∗
app

the apparent active barrier, 	E∗
dif the diffusion barrier, and 	E∗

int the
intrinsic active barrier. Both D∗ and kint are defined based on the
following reaction:

A + B
D→←

D∗
A∗ + B∗ kint−→ product

where D and D∗ are the diffusion constants for the adsorbates A + B
and a corresponding precursor state A∗ + B∗, respectively, and kint

is the intrinsic rate constant.14 An apparent rate constant can then
be defined as

kapp = kint D

D∗ + kint

The activation barrier for a process is related to the corresponding
rate constant by assuming the Arrhenius forms:

k = A exp
(−	E∗/kB T

)
B. Deduction of Effective Potential Between Atomic Oxygen
and Material Surface

As far as atomic oxygen effects are concerned, for nonreactive
oxygen atoms, direct inelastic scattering occurs mainly on a mate-
rial surface. In accordance with the model, constructed by Whitaker
and Jang, for 19 polymeric materials (e.g., Kapton, polyethylene)
exposed to a thermal atomic oxygen environment, the surface re-
action is diffusion-controlled.15 Therefore, 	E∗

dif � 	E∗
int, and it is

reasonable to assume that 	E∗
app

∼= 	E∗
dif (Ref. 14). In addition,

under the UBI-QEP approximation, the many-body effects for the
simultaneous interaction of an incoming particle with multiple target
particles on the surface can be confined within the range containing
nearest target particles.
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On the other hand, for high collision energies where the “struc-
ture” regime applies, the gas atoms experience a rougher poten-
tial dominated by the repulsive interaction with individual surface
atoms, so that the predominant part of the potential is repulsive,12,16

and the attractive part of the potential plays only a minor role. It is
for this reason that we multiply the attractive part of the potential
by a weighting factor εgs to reduce the influence of the attractive
potential.

In addition, it is well known that the dynamical behavior of the
atomic oxygen, together with its effects over the material surface in
LEO environment, is rather complex. Various physical and/or chem-
ical processes may arise from the collision of atomic oxygen with
polymeric surfaces, such as 1) direct elastic scattering characterizing
the specular scattering and diffraction; 2) direct inelastic scattering;
3) physisorption; 4) indirect scattering; and 5) reactive scattering
of products through chemisorption. However, it is not realistic to
attempt to express all the mechanisms involved in the processes
mathematically and construct a general model for the interaction.
Because the interaction itself is probabilistic in nature, and in accor-
dance with the inherent high oxidizing capability of the atomic oxy-
gen and the associated high translational energy, the chemisorption
is irreversible. As for the interaction of a single atomic oxygen with
a surface, and so far as the interaction governed by van der Waals
forces or chemical bond forces is considered, it is not possible to
identify a priori whether the equilibrium distance is characterized
by the order of magnitude of the physisorption (about 10 au, i.e.,
atom unit) or the chemisorption (about 3 au), due to the probabilistic
nature of the interaction process. Thus, the equilibrium distance for
an incoming oxygen atom interacting with a material surface should
be considered, in a statistical sense, as an intricate process covering
from physisorption to chemisorption. In the present task, we define
an equilibrium distance factor εe to account for the comprehensive
effects stemmed from various processes.

By introducing these factors into potential (2) to form the inter-
action potential of an incoming oxygen atom with the particles of a
material surface, we have

VO–S = QoA

n∑
i = 1

[
x2

i (ri ) − 2εgs xi (ri )
]
, xi = exp

−(ri − εere)

a

(5)

In principle, these two factors can be evaluated through fitting flight
data or from ground tests.

III. Theoretical Formulation of Atomic Oxygen
and Monomer Interaction

As an example, we present an analysis of the interaction between
atomic oxygen and a Kapton surface. The multizone model11 based
on the theory of molecular dynamics is applied to simulate the inter-
action process. The interaction potential between the atomic oxygen
and monomers of the Kapton surface can be deduced from Eq. (5),
and the interaction potentials between monomers are readily given
by Lifshitz’s theory.17 See Appendices A–D.

A. Governing Equations
Consider a general localized volume of a certain size and shape in

the surface layer of a material, denoted by V>. Define a subvolume
V< of V> where dynamical characteristics are dominated by the
effects of direct interaction between the atomic oxygen and the
surface layer. Keeping in mind that the surface atoms described
in Ref. 11 are now extended to include the macromolecules on the
surface, such as the monomers of a polymeric surface, the dynamical
interaction process for the entire system can be governed by the
following set of equations11:

1. Dynamic Equations for Gas Particles
All motion of the gas particles follows the classical theory of

molecular dynamics, that is,

Mg
d2X
dt2

= −∇X V (X, YI , YE , YF ) (6)

where X is the coordinates of the gas particles and ∇X denotes the
gradient with respect to the coordinates of X. It is seen that, in Eq. (6),
we have made an assumption of neglecting collision between gas
particles, because in LEO, the gas can be considered to be in the
state of free molecular flow.

The dynamic equations for the monomers of a polymeric surface
can be constructed in accordance with the multizone model on the
surface layer of the solid in V>.

2. Dynamic Equations for Particles in V< (Inner Zone)
The monomers in the inner zone V< are treated by standard molec-

ular dynamics, and can be written as

Ms
d2YI

dt2
= −∇YI V (X, YI , YE , YF ) (7)

3. Dynamic Equations for Particles in Edge Zone

The motions of the edge monomers follow a class of Langevin
equations involving additional isotropic local frictional and
Gaussian white-noise type random forcing terms, which can be writ-
ten as

Ms
d2YE

dt2
= −∇YE V (X, YI , YE , YF ) − Msγ

dYE

dt
+ fYE (t) (8)

where

γ = πωD/6 = πkBθD/6h̄, fYE (t) = (2γ kB T MS/h)
1
2 ξYE (9)

Here, h is the time step in the integration, and the correlation
of the frictional and random forces obeys the second fluctuation-
dissipation theorem; that is,〈

fYE (t)fYE (0)T
〉 = 2δ(t)γ MSkB T

↔
1 (10)

The proof of the second fluctuation-dissipation theorem clearly
shows that the correlation between the dissipative and random forces
can intimately be related to the requirement that the system relaxes
to thermal equilibrium.

4. Fixed Monomers Zone (V> ∩ V̄<)

The monomers inside V> but external to V< are assumed to be
unaffected by the interaction. They provide a structural template
for the surface and smooth out the potential energy of the active
monomers.

B. Interaction Potentials
Following Eq. (5), the interaction potential between an atomic

oxygen and monomers in the surface layer of Kapton can be written
as

VO–PM = QoA

n∑
i = 1

[
x2

i (ri ) − 2εgs xi (ri )
]

xi = exp
−(ri − εere)

a
(11)

with QoA = 1.52 eV, a = 0.2051 Å, re = r0 = 1.12058 Å, where the
derivations are given in Appendix A.

For molecular dynamic simulation of macromolecules, it is im-
practical to directly calculate the interaction potential between
monomers with large molar mass (e.g., the system consisting of
hundreds of atoms) via quantum mechanics.6 The interaction po-
tential within macromolecules can be constructed traditionally by
uncoupling the interaction into bond stretching, bond angular bend-
ing, electrostatic interactions, torsional rotations, and van der Waals
potentials, without considering the coupling interactions and many-
body effects. Although a broadly applicable class II force field has
been developed to account for the coupling interactions, it is neces-
sary to perform the quantum mechanical computations to derive the
force field parameters.18 Lifshitz theory, on the other hand, has an ad-
vantage over this approach in dealing with the overall effects for the
process of interaction between monomers, because the nonadditivity
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problem on the free energy of a body system is completely over-
come by that theory.17 In the present work, we follow the Lifshitz
theory to construct the effective attractive potential among the
Kapton monomers. From Eq. (C4), we have

U ′
Lif = −44350.861/r 6 (eV · Å

6
) (12)

According to the hypothesis for the effective potential based
on a 12–6 Lennard–Jones power law, and the interaction energy
εPM = 0.5182 eV for Kapton monomers,19 Eq. (12) gives the equi-
librium distance re−PM = 5.269 Å. Thus, the effective potential can
be expressed as

UE−PM = 4εPM

[
(re−PM/r)12 − (re−PM/r)6

]
(13)

where r is the distance between lattice points based on the simple
model of polymers.

C. Debye Temperature
To estimate the dissipative effect of the particles inside the edge

zone,11 the Debye model based on the theory of heat capacity is
adopted to evaluate the Debye temperature for the material under
consideration and the associated frictional coefficients, without con-
sidering the atomic structure of the solid medium. The Debye tem-
peratures of materials may be estimated by various approaches, such
as specific heat, melting point, compressibility, velocity of sound,
and the infrared spectrum.20 In the present paper, the Debye tem-
perature of Kapton is evaluated using the average sound velocity,
which gives θD = 165 K (cf. Appendix D).

D. Reactive Criterion
Following the classical trajectory approach for the reaction dy-

namics, the reactive criterion, also termed as the impact parameter,
can be defined in different ways, such as by quantizing the initial or-
bital angular momentum at a given relative velocity.21,22 In our case,
for the interaction of an atomic oxygen with a polymeric surface,
owing to the intimate relationship between the reactive criterion and
chemisorption, it is defined in accordance with the properties related
to chemisorption, including the appearance of shared electrons be-
longing both to the adsorbate and to the substrate, as well as the
bond formation of the adsorbate at the surface.

With regard to the potential-energy function of the adsorbate–
adsorbent system, its minima reflect the intermediate steps of a
certain chemisorption process. The absolute minimum defines the
equilibrium state for the geometrical structure, and thus the binding
energy as well. The curvature around the minimum gives the vibra-
tional frequency of the system.23 Hence, from the relation between
the geometrical structure (e.g., the bond length) of the system and
the absolute minimum of the potential energy surface, one can corre-
late the reactive criterion with the bond length of a bond formation.
It is not possible in the present stage to describe either theoretically
or experimentally the complete process for the chemisorption, nor
to calculate the bond length accurately. On the basis of the exper-
imental data for the atomic-oxygen chemisorption on the surfaces
of Ni, Al, and so forth,24,25 we propose here that, when the distance
of an incoming particle perpendicular to the surface is equal to half
of the bond length, chemisorption takes place. The distance from
the projectile particle to the nearest-neighbor particle at the surface
is assumed to be the bond length, and the potential energy takes its
minimum at the onset of chemisorption. As a result, in the present
work we define the reactive criterion to be half of the bond length
whenever the adsorbate forms a bond at the surface.

According to this criterion, the onset of the chemisorption of an
oxygen atom onto a Kapton surface is given as rc = 0.7025 Å for all
computations involved.

The reactive probability can be defined as the ratio between the
number of the reactive events NR and the total number of trajectories
NT (Ref. 11), namely,

PR = NR(rc; Ei ; θk)

NT (rc; Ei ; θk)
(14)

where θk is the specific incident angle of the incoming particle.
For nonreactive trajectories, the energy accommodation coefficient
(EAC) may be defined as26,27

α = Ēi − Ē f

Ēi − 2kB TS

(15)

When the energy accommodation coefficients are averaged over
all of the nonreactive trajectories for various incident angles, the
average EAC is given by

〈α〉 = 1

NT − NR

NT − NR∑
i = 1

αi (16)

where αi denotes the energy accommodation coefficient of the i th
nonreactive trajectory.

IV. Method of Solution and Numerical Results
The governing system of Eqs. (6–8) with both the interaction po-

tentials and the Debye temperatures for materials deduced above
are solved by the standard Verlet algorithm to give the trajectories
for the sample particles.28 Thus, we may trace the trajectories of the
projectile particles in accordance with the specified reaction crite-
rion. When the particle makes a bond at the surface, the trajectory
is termed a reactive trajectory. When only a physical process takes
place, the trajectory is called a nonreactive trajectory. Finally, the
reactive probability and the energy accommodation factor can be
computed by Eqs. (15) and (16).

A. Given Conditions for Numerical Test Case
The high-order lattice structure for Kapton belongs to the or-

thorhombic cells as shown in Fig. 1, whose lattice parameters
are a = 6.3 Å, b = 4.0 Å, and c = 32 Å (Ref. 29). The Kapton
monomers occupy the cubic lattice points based on the simple lat-
tice model of polymers.30 Hence, the distance between the adjacent
lattice points can be calculated from its lattice structure and lattice
parameters to be 5.8636 Å.

To provide the initial conditions for the distribution of particle
velocities in the polymer surface, a few layers of Kapton monomers
under thermal equilibrium at a certain temperature must be obtained.
The system considered in the present computations consists of an
oxygen atom and six layers of Kapton monomers. The initial trans-
lation energy of an oxygen atom is set to be 5 eV. Then the initial
velocity vector of an oxygen atom can be determined via initial
translation kinetic energy, the polar angle from the surface normal

Fig. 1 Lattice structure of Kapton.
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axis, θ , which is equal to the incident angle for each case, and the
azimuthal angle from the x axis where φ = 0. The specified value
of the initial height above the surface is 14 Å, and the initial posi-
tion is randomly sampled over the substrate lattice. The positions of
Kapton monomers located at the lattice points are initialized using a
method of molecular dynamics; their initial velocities are sampled
from a Maxwell–Boltzmann distribution for Ts = 310 K (Ref. 31).
The Miller index for the lattice surface of Kapton is (100).

When the incident angles of the incoming atomic oxygen vary
from 0 to 70 deg, the volume V> used in the calculations contains
394 inner, 897 edge, and 2579 fixed monomers. When the incident
angles are larger than 70 deg, there are 10 inner, 449 edge, and 3411
fixed monomers used in the calculations due to the fact that the
surface response of the incoming particle becomes weakened here.
The interaction potential of an oxygen atom with a lattice surface of
the Kapton and the effective potential between Kapton monomers
will be computed using Eqs. (11) and (13), respectively, whereas the
threshold of the interaction potential is readily given as rcrit = 16 Å,
and the Debye temperature is θD = 165 K.

The time step for integrating the equations of motion is set to be
0.2 fs. At each integration step, the random forces fYE (t) appearing
in Eq. (8) are randomly selected from a Gaussian distribution given
by the second equation (9). We use 1000 sample oxygen atoms at
each incident angle to obtain the required statistical properties. The
reactive criterion rc = 0.7025 Å.

B. Numerical Results
The reactive probabilities for various incident angles and the av-

erage reactive probability for given εe and εgs are summarized in
Table 1, together with the data collected for an atomic-oxygen etch-
ing on a Kapton surface during the STS-46 mission.8 Similarly, EAC
for various incident angles and the average EAC for given εe and
εgs are summarized in Table 2.

The bond energies for C–N, C–C, C–H, and C–O bonds for
Kapton are about 3.16, 3.58, 4.24, and 3.70 eV, respectively.32 As

Table 1 Reactive probabilities for different factors and STS-46 flight experimenta

Adjustable factors
εe 2.9 3.0 3.0 3.0 3.0 2.9 3.1
εgs 0.2 0.2 0.25 0.35 0.68 0.0 0.2

PR
θ , deg

0 0.335 0.256 0.267 0.261 0.28 0.338 0.218
10 0.327 0.262 0.253 0.258 0.29 0.322 0.229
20 0.288 0.238 0.229 0.242 0.243 0.303 0.191
30 0.241 0.23 0.228 0.221 0.219 0.251 0.167
40 0.233 0.154 0.173 0.205 0.198 0.185 0.13
50 0.161 0.127 0.115 0.148 0.187 0.157 0.074
60 0.105 0.065 0.084 0.093 0.135 0.077 0.05
70 0.084 0.042 0.05 0.056 0.126 0.048 0.017
80 0.029 0.013 0.019 0.035 0.09 0.0 0.002

〈PR〉 0.2003 0.1541 0.1576 0.1688 0.1964 0.1868 0.1198
PR−LEO 0.2409

a PR are the computed values, 〈PR〉 the computed average values. PR−LEO is flight data.

Table 2 EAC for different factors

Adjustable factors
εe 2.9 3.0 3.0 3.0 3.0 2.9 3.1
εgs 0.2 0.2 0.25 0.35 0.68 0.0 0.2

α

θ , deg
0 0.186 0.1834 0.1828 0.1848 0.1884 0.187 0.176
10 0.184 0.176 0.1804 0.18 0.188 0.1798 0.1754
20 0.1774 0.1756 0.175 0.1764 0.1856 0.1766 0.1732
30 0.1684 0.171 0.1684 0.1702 0.179 0.167 0.171
40 0.1624 0.1572 0.157 0.1596 0.1668 0.1576 0.1548
50 0.147 0.1426 0.1446 0.144 0.1526 0.1434 0.1448
60 0.123 0.1234 0.1202 0.1262 0.1338 0.12 0.1214
70 0.0889 0.0904 0.0926 0.098 0.1144 0.0824 0.0878
80 0.0442 0.0444 0.0506 0.0576 0.094 0.0288 0.0218

〈α〉 0.1368 0.1360 0.1369 0.1402 0.1533 0.1313 0.1322

for the specimens erosion efficiency PR−LEO measured in the ram
attitude within ±5 deg; however, Catherine (cited in Ref. 4) shows
that the required energy to create erosion due to a collision is ap-
proximately three times the bond energy. As a result, the spalling
effects on the Kapton surface cannot occur because O-atoms with
translational energy 5 eV are unable to provide sufficient energy
to break the bonds stated above. The chemical reactions of atomic
oxygen on the Kapton surface play a key role in giving rise to the
mass loss of Kapton. Therefore, the erosion efficiency of atomic
oxygen on the Kapton surface in LEO, Re = 3.1 × 10−24 cm3/atom,
is taken as the reactive probability of atomic oxygen on the Kapton
surface, that is, PR−LEO.

According to Eq. (A1), the chemical reaction caused by the atomic
oxygen is given as

C22H10O5N2 + 35O → 11CO2 + 11CO + 5H2O + 2NO

that is, one Kapton monomer reacts with 35 oxygen atoms. For
MS = 382.3 au, ρ = 1.41 g/cm3, we have PR−LEO = 35Re/[MS/
(ρNA)] ≈ 0.2409.

C. Analysis and Discussion
Because the microroughness of the material surface and the ther-

mal motion of atomic oxygen make the ram reactive probability in
the ram attitude within ±5 deg favorable toward its azimuthal aver-
age value, the average reactive probability computed by the method
proposed in the present work is compatible with those obtained from
the flight data. Accordingly, the value of the average reactive proba-
bility computed for the test case is readily given as 0.2003 (as listed
in the first set of factors in Table 1), which is less than the flight
data of 0.2409, as mentioned above. The simulated result is reliable
because the laboratory result showed a synergistic effect of atomic
oxygen and electron radiation for Kapton.33

The average EAC computed by the present test case is 0.1368
(as listed in the first set of factors in Table 2), which lies between
0.1165, obtained by the hard-sphere model,27 and 0.68, given by
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the ground-simulated experiments on the atomic oxygen with an
incident angle of 45 deg and energy of 1.5 eV (Ref. 33). Hence, the
EAC value computed in the present test case is reasonable. Larger
measurable error for EAC data is found to be 0.6 ± 50% from ground
tests using 8 km/s atomic oxygen impacting on nickel, gold, and
curved glass performed by Krech et al.34

In fact, the impact of an incoming particle onto the material sur-
face is not directed toward the entire monomer but part of it. The
experiment confirms the fact that the application of the hard-sphere
model is not suitable for estimating the EAC of an incoming particle
impacting on a polymer surface. The effective mass of the surface
collision partner (termed the surface effective mass) is introduced to
modify the formula for EAC calculation in the hard-sphere model to
fit the experimental data.35 As mentioned, in the present work, we
have simplified the structure of Kapton as a simple lattice without
taking the concept of the surface effective mass into consideration.

a)

b)

Fig. 2 Incident angle-dependence of a) reaction probability and b) en-
ergy accommodation coefficient for εgs = 0.20, εe = 2.9.

a)

b)

Fig. 3 Incident angle-dependence of a) reaction probability and b) en-
ergy accommodation coefficient for εgs = 0.20, εe = 3.0.

In addition, we have treated the surface of Kapton as an ideal sur-
face, that is, a surface layer with an ordered structure, instead of
a real material surface. These simplifications cause the numerical
value computed by the present work for average EAC to be less than
the experimental data.

The effects of the incident angle upon the reactive probability cal-
culated in the present model are shown in Figs. 2a–8a. It is seen that
the increment of the incident angle weakens the interaction between
the incident oxygen atom and a material surface, reduces the energy
transfer efficiency of the incident oxygen atom onto the surface,
and makes the bond formation between atomic oxygen and surface
monomers (i.e., production of shared electrons belonging to both
the incident oxygen atom and the Kapton surface) more difficult.

a)

b)

Fig. 4 Incident angle-dependence of a) reaction probability and b) en-
ergy accommodation coefficient for εgs = 0.25, εe = 3.0.

a)

b)

Fig. 5 Incident angle-dependence of a) reaction probability and b) en-
ergy accommodation coefficient for εgs = 0.35, εe = 3.0.
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a)

b)

Fig. 6 Incident angle-dependence of a) reaction probability and b) en-
ergy accommodation coefficient for εgs = 0.68, εe = 3.0.

a)

b)

Fig. 7 Incident angle-dependence of a) reaction probability and b) en-
ergy accommodation coefficient for εgs = 0.0, εe = 2.9.

As shown in the figures, the fitted curve for the dependencies of the
reactive probability on the incident angle agrees well with cos1.5 θ ,
which is given by the STS-8 flight experiment,36 rather than cos θ
for the ground-based experimental results of Yokota et al.37 The
curves in Figs. 2b–8b fitted for the energy accommodation coeffi-
cient reveal, on the other hand, that the incident angle-dependency
of EAC does not vary with cos θ as characterized by the hard-sphere
model,27 but depends on cos0.7 θ for the present work. The discrep-
ancy between the two approaches stems from the different potential
models. The potential proposed in the present work is constructed
with a potential well having an equilibrium distance of the order of
magnitude of chemisorption, about 3 au, instead of physisorption,
with an equilibrium distance of about 10 au. Under such circum-
stances, the potential for chemisorption is dominated by its repulsive
part. The different target materials used for the two models may also
induce certain discrepancies.

a)

b)

Fig. 8 Incident angle-dependence of a) reaction probability and b) en-
ergy accommodation coefficient for εgs = 0.2, εe = 3.1.

The data listed in Tables 1 and 2 demonstrate that the average
reactive probability and average EAC drop as εgs decreases, due to
the increment of repulsive force between an oxygen atom and surface
particles. On the other hand, the reduction of εe may suppress the
repulsive range between an oxygen atom and the Kapton surface and
extend the attractive region. As a result, the reduction of εe promotes
the chance for the atomic oxygen to form a bond at the surface, that
is, leads to an increment of the reactive probability of the interaction,
and also increases the average EAC in a small amount.

In addition, the reactive probability computed using the first set
of factors in Table 1 is closer to its measured value than the ones
using the remaining sets of factors. The first set of factors was in-
versely deduced from experimental data fitting. For comparison,
we perform further numerical calculations with six additional sets
of factors chosen at random. These results are also given in Table 1.
The differences among the numerical results indicate that the two
factors εe and εgs do possess their respective physical significances
as discussed in Sec. II.B, and can only be obtained via empirical
means at present. As shown in Fig. 6a, the value εgs should not ex-
ceed 0.68; otherwise the curves fitted for the incident angle vs the
reactive probability will not follow the cos1.5 θ law.

V. Conclusions
In the present paper, an interaction potential model for an incom-

ing particle impacting a polymeric material surface is developed and
applied to estimate the reactive probability and energy accommo-
dation coefficient for Kapton. The reactive probability computed by
the present model is found to be 16.8% less than the flight experi-
mental data from STS-46, whereas the value of the EAC computed
with the present model lies in the range between the value using the
hard-sphere model and the experimental data.

Numerical experiments confirm the law of dependency of the re-
active probability upon the incident angle deduced from the flight
experiments. Different cosine power laws for the dependency of
EAC upon the incident angle characterized by different powers be-
tween incoming particles impacting the polymer surface and the
metal surface have also been found in the present study.

Appendix A: Interaction Potential Between an Atomic
Oxygen and Monomers in the Surface Layer of Kapton

By applying the apparent active energy of atomic oxygen on
a Kapton surface38 and relation (4), we obtain Ea = 	E∗

app =
	E∗

dif = 0.38 eV.
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Although the dynamical behavior of atomic oxygen interacting
with the Kapton surface is so complex that the coordination number
of the atomic oxygen stays undetermined, it may be estimated based
on the highly ordered structure of Kapton. The preferred binding site
of an oxygen atom with the nearest-neighbor monomers is theoreti-
cally available; the number of monomers of the kind depends on the
symmetry of the material structure. When we apply lattice structure
with orthorhombic cells to model Kapton,29 n = 4 if its Miller in-
dices are (100); and Eq. (4) gives QoA = 1.52 eV. To estimate the
range parameter a, it is necessary to make the following assump-
tions.

First, because the exact orders of the reaction process on oxygen
atoms with Kapton monomers as well as the reactant species are still
unclear,39 the theoretical reactive model between atomic oxygen and
Kapton monomer is deduced from the Skurat model,40

C22H10O5N2 + 24O → 22CO + 5H2O + 2NO

C22H10O5N2 + 46O → 22CO2 + 5H2O + 2NO

with the data of mass spectrometry for the reactants,8 and is given
as

C22H10O5N2 + 35O → 11CO2 + 11CO + 5H2O + 2NO (A1)

Second, following the experimental data,39 we may assume that
the reaction between the oxygen atom and Kapton monomer forms
CO2.

Third, according to the frontier orbital theory,41,42 we assume that
the initial step for chemisorption is the formation of the single bond
between an atomic oxygen and a certain atom of a Kapton monomer.

According to the stated considerations, incorporating with
weighted technique, the “average” bond length can be estimated
via formula (B3) as

D(O−E) = rE + rO − 0.019|χO − χPM| (A2)

where E = C, H, N; NO and NP (P = CO2, CO, NO, H2O) are the
stoichiometric coefficients of the atomic oxygen and the productions
in the gross equations of oxidation (A1), respectively; and rO and
rE (E = C, H, N) denote the covalent radii of both the atomic oxy-
gen and the atom on a Kapton surface, respectively (cf. Table A1).43

The electronegativity of the atomic oxygen is readily given as
χO = 7.54 eV,44 and the electronegativity for the Kapton monomer,
computed by its ionization potential I = 9.1 eV and electron affinity
EA = 2 eV,45 as χPM = (I + EA)/2 = 5.55 eV. As a result, we have

D(O−C) = 1.4742 Å, D(O−N) = 1.4422 Å

D(O−H) = 1.0022 Å

〈D(a − s)〉 = 2NCO2
− 5

NO

× D(O − C) + NCO

NO

× D(O−C)

+ NNO

NO

× D(O − N) + NH2O

NO

× D(O − H)

〈D(a − s)〉 = 1.40491 Å

Similarly, according to the bond lengths between atoms of every
product listed in Table A2,46 〈r0〉, instead of r0 in Eq. (3), is obtained
by the following relation based on the weighted method:

〈r0〉 = 2NCO2
− 5

NO

× rC2O + NCO

NO

× rCO + NNO

NO

× rNO

+ NH2O

NO

× rH2O = 1.12058 Å

Table A1 Covalent radii for atoms

Bond type H C N O

Single 0.3 0.772 0.74 0.74
Double — 0.667 0.62 0.62
Triple — 0.603 0.55 0.55

Table A2 Bond lengths for molecules

Molecule Bond length

O=C=O 1.1600
C≡O 1.1283
N=O 1.1506
H2O 0.9575

Here, 〈D(a − s)〉 = rn ; thus we have a = [〈D(a − s)〉 − 〈r0〉]/
ln n = 0.2051 Å.

Finally, the potential between an oxygen atom and Kapton
monomers can be obtained as

VO−PM = QoA

n∑
i = 1

[
x2

i (ri ) − 2εgs xi (ri )
]

xi = exp(−(ri − εere)/a) (A3)

where QoA = 1.52 eV, a = 0.2051 Å, re = r0 = 1.12058 Å.

Appendix B: Bond Length of the Chemisorption
of an Oxygen Atom on the Polymer Surface

An available empirical formula for evaluating bond length is ex-
tended to predict the bond length formed by the interaction between
space particles and material surfaces. By employing the concept of
electronegativity proposed by Pauling in 1932 (Ref. 47), Schomker
and Stevenson48 propose an empirical formula for estimating the
bond length as

D(A − B) = rA + rB − c|χA − χB| (B1)

where rA, rB are the covalent radii, and χA, χB the electronegativities
of atoms A and B, respectively; c is the Schomker–Stevenson coef-
ficient, whose value is given as 0.09 Å. The later works by Pauling,
Polansky, and Derflinger and others are then focused on the modi-
fication of the coefficient.43,49

Equation (B1) is extended to the chemisorption on semiconduc-
tors by Mönch,50 and can be rewritten as

D(a − s) = ra + rs − cas |χa − χs | (B2)

where ra , rs are the covalent radii and χa , χs the electronegativities of
the adsorbate and the surface atom, respectively, and the Schomker–
Stevenson coefficient cas varies from 0.02 through 0.06 Å/eV.

Bergmann et al. perform a statistical investigation for the
122 bonds of 122 compounds and determine the Schomker–
Stevenson coefficient c = (1.9 ± 0.2) × 10−2 Å/eV via a least-
squares regression.51 In the present work, we adopt formula (B2)
with Schomker–Stevenson coefficient cas given by Bergmann et al.
for evaluating the bond length of the chemisorption of an oxygen
atom on the polymer surface, namely,

D(O − S) = rO + rS − 0.019|χO − χS| (B3)

Appendix C: Effective Attractive Potential for Kapton
The interaction potential between monomers in the polymeric

material surface layers is deduced based on the following effective
attractive potential17:

ULif = −
[

2
(
ω0

1 + ω0
2

)
(ε∞1 + 2)(ε∞2 + 2)

9π
(
ω0

1 − ω0
2

) ln

(
ω0

1

ω0
2

)]

× 3h̄

2r 6

ω0
1ω

0
2

ω0
1 + ω0

2

α1α2 (C1)

For the case of identical molecules, we have

U ′
Lif = −(4/π)[(ε∞ + 2)/3]2(3h̄/4r 6)ω0α2 (C2)

where ω0
i (i = 1, 2) are the characteristic absorption frequencies,

and ε∞i (i = 1, 2) the optical dielectric constants of media 1 and
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2, respectively; αi (i = 1, 2) the polarizabilities of molecules (or
atoms) 1 and 2, respectively; r represents the distance between the
molecules (or atoms), h̄ denotes the Dirac constant, and α = α(0).

As for Kapton monomers, α(0) is replaced by ᾱ through the
Lorenz–Lorentz equation,

R = [(n2 − 1)/(n2 + 2)](M0/ρ) = 4
3
π NAᾱ (C3)

where R is the molecular refraction, n the refraction index, ρ the
density, and M0 the molar mass. The molecular refraction R can be
obtained experimentally to be 106 × 10−6 m3 (cf. Ref. 52), and thus
ᾱ = 42.023 Å3. In addition, ε∞ = 3.1 (cf. Ref. 53), and the ionic
energy for the Kapton monomer is given as I = 9.1 eV (Ref. 45).
Hence, from Eq. (C2) we have

U ′
Lif = −44350.861/r 6 (eV · Å

6
) (C4)

Appendix D: Debye Temperature of Kapton
The expression of θD related to the average sound velocity vav is

readily given as

θD = (h/kB)[(3q/4π)(NAρ/M)]
1
3 vav (D1)

where h is Planck’s constant, NA the Avogadro number, ρ the den-
sity, M the molar mass of the solid, and q the number of atoms in the
molecule.54 The average sound velocity vav is given by integrating
the three sound velocity components along all directions as

vav =
(

1

3

3∑
i = 1

∫ 4π

0

1

v3
i

d�

4π

)− 1
3

(D2)

where vi are the velocity components of the elastic waves propaga-
tion in the media at 0 K, and d� denotes an element of the solid
angle. For isotropic solids, relation (D2) reduces to

vav = (
1
3

[
2
/

v3
t + 1

/
v3

l

])− 1
3 (D3)

where vt and vl are the longitudinal and transversal sound velocities,
respectively.55

For polycrystalline solids, due to the fact that the values of vt

and vl obtained by the experiments and the values of v̄t and v̄l

obtained by averaging the elastic constants for single crystals are
almost the same, we thus assume that the averaged velocities defined
in Eq. (D3) can be replaced by v̄av (Ref. 54); we have

v̄av = (
1
3

[
2
/

v̄3
t + 1

/
v̄3

l

])− 1
3 (D4)

It should be pointed out that the value obtained from Eq. (D4) would
be slightly different from the value vav calculated by the rigorous
method, that is, the relation (D2).

As for Kapton, the values of v̄av and θD can be evaluated through
its bulk and shear moduli. There are various theoretical models
available for estimating the bulk and shear moduli. By comparing
with the Reuss model, the elastic modulus of Kapton predicted by
the Voigt model is found to be closer to the experimental value.56

Thus, we adopt the Voigt model in the present paper. By virtue of
the Voigt model,57 we have

KV = [(c11 + c22 + c33) + 2(c12 + c23 + c13)]/9 (D5)

GV = [(c11 + c22 + c33) − (c12 + c23 + c13) + 3(c44 + c55 + c66)]/15

(D6)

where ci j denote the stiffness coefficients, and KV and GV are the
Voigt approximation of the bulk and shear moduli, respectively. The
expressions for v̄t and v̄l in terms of KV and GV are given as

v̄t =
√

GV /ρ (D7)

v̄l =
√

(KV + 4/3GV )/ρ (D8)

Table D1 Kapton’s θD and its
correlative data

Parameters Value

KV , kbars 77.108
GV , kbars 17.2132
v̄t , m/s 1140.89
v̄l , m/s 2663.9
v̄av, m/s 1250.09
θD , K 165

According to the compliance matrix for Kapton,56 we have

si j =

⎡⎢⎢⎢⎢⎢⎢⎣

15.85 −7.88 −3.33 0 0 0

−7.88 17.51 −3.33 0 0 0

−3.33 −3.33 9.17 0 0 0

0 0 0 50.76 0 0

0 0 0 0 204.08 0

0 0 0 0 0 370.37

⎤⎥⎥⎥⎥⎥⎥⎦
× 10−2 (m2/G N )

and the relationship between the compliance and stiffness matrices
is given as

Si j = (Ci j )
−1 (D9)

where (Ci j )
−1 is the inverse of the stiffness matrices. Applying

Eqs. (D5–D9), (D4), and (D1), we may obtain the results shown
in Table D1.

Experimental information is not available on the Debye tem-
perature of Kapton at present. The value of θD for Kapton given
in Table D1 is a computed value and remains to be verified
experimentally.
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