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Abstract
The role of N2 in the upper atmosphere on the atomic oxygen (AO)-induced erosion of polyimide in low Earth orbit (LEO) 
and sub-LEO is investigated through ground-based experiments and flight data. The experiment is performed by adding an 
Ar beam at the same collision energy as an undecomposed O2 component in the AO beam formed by laser detonation to 
simulate the physical effect of simultaneous N2 collision in sub-LEO. The Ar beam is added by the dual-pulsed supersonic 
valve-equipped laser-detonation system developed at Kobe University. The experimental results indicate that the erosion of 
polyimide in the laser-detonation system is promoted by the presence of O2 and Ar in the beam, corresponding to N2 in the 
sub-LEO. On-ground experimental results are compared with in-orbit AO measurements. Previous space shuttle, international 
space station-based exposure experiments, as well as the world’s first real-time sub-LEO material erosion data aboard a super 
low altitude test satellite (SLATS) orbiting at an altitude of 216.8 km are presented. The SLATS data suggests the presence 
of an acceleration effect by N2 collision on AO-induced polyimide erosion, as predicted by ground-based experiments.

Keywords  Low Earth orbit · Material degradation · SLATS · Atomic oxygen · Nitrogen

1  Introduction

It has been widely recognized that many polymeric materials 
used in spacecraft and systems are eroded by hyperthermal 
(4.5 eV) collisions of atomic oxygen (AO) in low Earth orbit 
(LEO). Many flight and ground-based experiments have 
been performed to investigate the survivability of materi-
als in harsh AO environments in LEO. Many ground-based 
studies used laser-detonation AO beam sources to simu-
late energetic AO collisions in LEO. However, it has been 
reported that erosion yields of materials relative to poly-
imide (Kapton-H) measured in a ground-based facility are 

often not consistent with those measured by flight experi-
ments in LEO [1].

This phenomenon is evident in fluoropolymers. The ori-
gin of the inconsistency has been investigated extensively. 
The effect of ultraviolet (UV) emission from laser-induced 
oxygen plasma has been considered as the origin of the 
accelerated erosion of fluoropolymers in ground-based 
facilities [2]. However, the acceleration of AO-induced ero-
sion of polyimide via simultaneous UV irradiations, i.e., the 
synergistic effect, has not been observed in fluoropolymers, 
but in polyimide [3]. The acceleration of the AO-induced 
erosion of a fluoropolymer is currently considered assumed 
to be caused by the energetic collision of undecomposed 
O2 in an AO beam formed by a laser detonation source [4].

Meanwhile, the acceleration of AO-induced polyimide 
observed via UV irradiation can be explained by the two-
stage reaction of hydrocarbon polymers with AO; the first 
stage is the oxidation process and the second is the desorp-
tion process [5]. The acceleration effect of the AO-induced 
erosion of polyimide may be observed in environments 
where the desorption process, which is a rate-limiting step, 
is promoted by any type of stimulus, such as UV or particle 
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bombardment. In fact, the accelerated erosion of polyim-
ide by collision-induced desorption (CID) process has 
been reported by Minton et al. [6, 7]. They observed a 30% 
increase in CO/CO2 signals from an Ar bombarded surface.

Based on the abovementioned studies, material erosion 
at a very low altitude of 200 km or less, which is known as 
sub-LEO, should differ from those in LEO at 400 km. This 
is because the N2 fraction exceeds 50% in sub-LEO com-
pared with a few percent in LEO. Because of its large mass, 
the collision energy of N2 exceeds 9 eV, which is effective 
for accelerating the desorption of reaction products from 
oxidized hydrocarbon surfaces. The same phenomenon is 
expected from undecomposed O2 in the laser detonation AO 
exposure testing on the ground. However, the effects of high-
energy N2 or O2 collisions on material erosion tests have not 
been considered.

The acceleration of erosion on polyimide is important 
because polyimide is the reference material to evaluate the 
AO-induced erosion yield of other materials in all material 
survivability tests both in orbit and on the ground. Moreover, 
even if the erosion of polyimide had accelerated, it might not 
have been recognized since erosion of polyimide had always 
been regarded as 3.0E-24 cm3/atom in all test conditions.

In this study, we evaluated the effect of high-energy col-
lision of chemically inert atoms/molecules during AO expo-
sure on polyimide. A dual-beam laser-detonation beam facil-
ity was specially designed and developed for this purpose. 
The ground-based results were compared with flight experi-
ments flown by a space shuttle (STS) and the International 
space station (ISS). Preliminary data of the world’s first real-
time polyimide erosion measurement in a sub-LEO environ-
ment aboard a super-low altitude test satellite (SLATS) are 
reported as well.

2 � Ground‑based experiments

A ground-based experiment was performed by adding Ar 
beam pulses at the same collision energy as the O2 com-
ponent in the AO beam. Ar was used to avoid the decom-
position of N2 in the laser-induced plasma, which would 
decrease of the collision energy. The chemical nature of N2 
was disregarded, and only the physical effect of N2 colli-
sion in orbit was simulated. An Ar beam was added using a 
dual-pulsed supersonic valve (PSV) laser detonation system. 
Figure 1 shows the dual-PSV system especially developed in 
this study. The entire facility was composed of three vacuum 
chambers: source, reaction, and time-of-flight (TOF) cham-
bers. These chambers were evacuated by turbomolecular 
pumps. AO production and normal exposure tests were per-
formed in the source chamber, experiments requiring high-
vacuum were performed in the reaction chamber, and the 
energy of atoms was analyzed in the TOF chamber.

The dual-PSV was equipped to the source cham-
ber (Fig. 1). Two piezoelectric transducers (PZTs) were 
equipped installed in the dual-PSV system. Low-voltage 
PZTs with a displacement enlargement mechanism were 
installed [8, 9]. The operating voltage of the PZT was 
150 V which was lower than that of a disk-type transducer 
(e.g., 1 kV). The low operation voltage prevented unex-
pected discharges from the PZT. These mechanisms were 
installed in a stainless steel body. The target gas was ejected 
through a 1 mm channel, and sealing was enabled using a 
Viton O-ring. The poppet clearance was adjustable using a 
micrometer. The poppet system with a Viton O-ring and Au 
reflector was specially designed for laser-detonation applica-
tions, as it was required by the focusing 7 J laser pulse near 
the O-ring. Two PSVs were attached to the nozzle throat at 
45° with respect to the beam axis. The distance of the Viton 
O-ring to the nozzle throat was minimized to 5 mm to ensure 
the rapid introduction of gas pulses into the nozzle. Because 
both Ar and AO + O2 beams were formed in the same nozzle, 
the incident angles of both beams were identical, i.e., they 
generated normal incidence.

To avoid the interference of pulse timing, two system 
clocks (TTL signal) with a phase difference of 180° were 
used for each PSV. One of the TTL signals was decimated 
for tuning the flux ratio of the gases. The TTL signals were 
converted to the designated shape of the PSV driving sig-
nals using function generators, and the driving signals were 
amplified using PSV drivers. The laser firing timings for the 
two gases were individually adjusted using digital delay gen-
erators. Both delayed signals were connected to a CO2 laser. 
The maximum repetition rate of the dual-PSV exceeded over 
50 Hz, however, the system repetition rate was restricted by 
that of the CO2 laser (5 Hz).

The material targeted was pyromellitic dianhydride 
oxydianiline (PMDA-ODA) polyimide varnish which 
has the same repeating unit as Kapton-H (Toray-DuPont, 
Semicofine SP-341). The polyimide film was spin-coated 
on a quartz crystal microbalance (QCM) sensor crystal at 
800 rpm for 1 min, and curing treatments were performed at 
150 °C for 1 h and 300 °C for 1 h in N2. The curing process 
was performed to form a polyimide structure with a thick-
ness of approximately 1 μm. The erosion of polyimide was 
calculated from the frequency shift of the polyimide-coated 
QCMs located 52 cm away from the nozzle throat at room 
temperature with normal incidence.

3 � Results of ground‑based experiment

Figure 2 shows the TOF distributions of the AO, undecom-
posed O2, and Ar components in the beam. The average 
translational energies of AO, O2, and Ar were 2.9, 4.0 and 
4.0 eV, respectively. The average translational energy of 
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Ar was set to a relatively low value compared with the N2 
energy in a real space environment. It was used to simulate 
the physical effect of O2 in the beam. The flux of AO was 
measured from the mass loss of polyimide-coated QCM, 
whereas Ar and O2 were calculated from the area of flux-
weighted TOF distributions with known relative ionization 
cross-sections of AO, O2, and Ar [10]. Relative errors due to 
noise and integration of the flux-weighted TOF distribution 
area were evaluated by changing the smoothing level and the 
upper limits of the integration. It was determined that the 
relative error in smoothing and area integration was less than 
2 and 5%, respectively. Therefore, the total uncertainty of the 

fraction of high-energy molecules should be less than 10%. 
Meanwhile, the mass loss calculated from the frequency 
shift of the QCM was measured via linear regression. It was 
observed that the mass loss of the polyimide was stable dur-
ing the exposure, as shown in Fig. 2d.

Figure 3 shows the relationship between the fraction of 
high-energy molecules (O2 + Ar) and the relative erosion 
rate of polyimide measured from the frequency shift of 
the polyimide-coated QCM. The data point of 0.257 in 
the abscissa is that of the AO beam without Ar pulses. The 
ordinate was normalized by the erosion rate of AO + O2 
beam pulses without adding Ar pulses. It is clear that the 

Fig. 1   Schematics of the laser detonation AO beam source at Kobe University. Photograph inserted is the dual-PSV system used in this experi-
ment [8]
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erosion rate of polyimide increased was Ar pulses were 
added. The increase in the relative erosion rate was almost 
linear with respect to the fraction of high-energy parti-
cles (O2 + Ar) in the range of 0.25–0.55. This is expected 
as CID is the rate-limiting step of the mass loss [7]. By 
extrapolating the linear fitting results, the net erosion rate 
of polyimide by the AO component (without the effect 
of O2 collision) was 62% of the conventional AO beam 
used for the ground-based experiments. In other words, 
polyimide erosion in the laser detonation AO beam source 
accelerated by 1.6 times owing the presence of the O2 
component in the beam. As the AO beam formed by the 
laser-detonation system typically includes 30–50% O2 
depending on the condition, the mass loss of the Kapton 
witness samples exposed to the AO beam in the ground-
based experiments is improved; i.e., the fluence of AO was 
over-estimated by 1.5–2 times when measured using the 
Kapton witness sample.
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Fig. 2   Time-of-flight spectra (TOF) and frequency shift of polyimide-
coated QCM during the exposure. a: TOF of AO, b: TOF of O2, c: 
TOF of Ar, d: Frequency shift of polyimide-coated QCM. Average 

translational energies are set to 2.9  eV for AO, 4.0  eV for O2 and 
4.0 eV for Ar, respectively. Stable erosion of the mass-loss of polyim-
ide was observed in (d)
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Fig. 3   Relationship between the fraction of Ar + O2 in the beam and 
the relative erosion rate of polyimide. The longitude is normalized by 
the erosion rate with AO beam including undecomposed O2 compo-
nent (Ar beam pulse is not used)
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4 � Kapton erosion yield measurements 
in previous flight missions

Kapton-H has been used for measuring the fluence of AO 
exposures for many years. The standard erosion yield (Ey) 
of 3.0E-24 cm3/atom has been recommended for measuring 
the flux of AO in ASTM standard E-2089 [11]. The value 
of 3.0E-24 cm3/atom was obtained through measurement 
in early STS flights. The STS-8 mission at an altitude of 
225 km provided some of the first meticulously character-
ized Ey values, with Kapton Ey values of 3.0E-24 cm3/atom 
including Banks [12] and Visentine [13]. This value has been 
applied for all space missions and ground-based experiments 
as a reference. However, the N2 fraction at 225 km reached 
as high as 33% according to an atmospheric model analy-
sis of the Naval Research Laboratory Mass Spectrometer 
Incoherent Scatter Extended model (NRLMSISE-00). The 
acceleration effect of the AO-induced erosion of polyimide 
due to simultaneous N2 collisions mentioned in the previ-
ous section was not considered in this established value. If 
the experimental results shown in the previous section are 
correct, then the standard Ey of 3.0E-24 cm3/atom for poly-
imide may be accelerated by the simultaneous N2 collisions 
at an altitude of 225 km, and the acceleration effect would 
depend on the altitude of the N2 fraction.

We have searched reports of past flight experiments 
aboard STSs and the ISS to compare the difference in pre-
dicted and measured AO fluences from polyimide erosion. 
Only a few related reports have been published, however, 
some examples are listed in Table 1. It was obvious that the 
AO fluences measured by Kapton-H and calculated using the 
MSIS-86 atmospheric model [14] agreed well for EOIM-3 
on STS-46 [15]; however, NRLMSISE-00 predictions of 
AO fluence were overestimated in the JEM/MPAC&SEED 
[16] and MEDET [17] on the ISS. It is noteworthy that the 
NRLMSISE-00 model is the latest version of the MSIS-
86 model [18]. The abovementioned phenomenon may be 
explained by the lack of N2 effect on ISS-based experiments. 
The acceleration of erosion due to N2 collision was appar-
ent based on Table 1, even though the AO fluences for ISS 
missions cannot be accurately predicted easily because of 
the complex nature of predicting the shielding effect when 
modeling the AO fluence of the long-term ISS-mounted 
sample [19].

5 � AOFS mission aboard SLATS

Real-time erosion measurement of polyimide in a sub-LEO 
environment was first performed by the atomic oxygen flu-
ence sensor (AOFS) mission aboard SLATS launched on 
December 23, 2017. The AOFS mission was composed 
of five polyimide-coated QCMs. Details regarding the 
SLATS and AOFS mission have been reported elsewhere 
[20, 21]. We analyzed the telemetry data of the frequency 
shift of the QCM sensors (AOFS-H5 and H7) attached to 
the + z surface (Earth-facing side) of the SLATS (facing 
the + x direction) and the + x surface (front surface), as 
shown in Fig. 4. AOFS-H5 and H7 were equipped with 
shutter mechanisms for the long-life operation of poly-
imide-coated QCMs in a dense AO environment. The fre-
quency data of H5 polyimide-coated QCMs (U-varnish 
A, Ube) in the period from July 23, 2019 to August 26, 
2019, at an altitude of 216.8 km, and that of H7 from June 
2, 2019 to July 23, 2019, at an altitude of 250–216.8 km 
were analyzed. It is noteworthy that the normal solar activ-
ity periods during the shutter opening were selected for 
the analysis.

The frequency shift of the QCM, which is proportional 
to the mass loss of polyimide every 3 min, was analyzed 
using Sauerbrey’s equation below [22].

where: ∆f: frequency shift of the QCM, N the harmonic 
overtone, f0 the resonant frequency, ∆m the mass loss of 
polymide, AE the electrode area, μ the shear modulus of 
the quartz, and ρ the density of the quartz. Meanwhile, the 
AO fluence 

(

FAO

)

 was calculated by multiplying the AO 
density predicted by NRLMSISE-00 atmospheric model 
and the traveling distance of the satellite from GPS data. 
The erosion yield (Ey) of polyimide was calculated using 
the equation below.

where: �PI the density of polyimide, and A the area of 
polyimide.

Δf = −

2Nf 2
0
Δm

AE

√

��

Ey =
Δm

FAO �PI A

Table 1   Comparison of AO 
fluences predicted by MSIS 
atmospheric model and 
measured from Kapton erosion 
in various flight missions

Mission Year Platform Atomic oxygen fluences (atoms/cm2)

Kapton-equiv. MSIS prediction Ratio

EOIM-3 1986 STS-46 2.40E + 20 2.10E + 20 1.14
MEDET 2008 ISS 1.70E + 21 2.30E + 21 0.71
JM/MPAC&SEED 2010 ISS 5.90E + 20 1.40E + 21 0.42
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Figure 5 shows the AO and N2 densities in the SLATS 
orbit predicted by the NRLMSISE-00 atmospheric model 
as a function of latitude. The NRLMSISE-00 calculation 
was performed based on the actual SLATS flight data 
(date, time, longitude, latitude, altitude and solar activity) 
every 10 s. The density of AO and N2 calculated subse-
quently were averaged for 3 min. which is the same period 
of the QCM measurement and plotted (as shown in Fig. 5). 
The negative and positive latitude values in Fig. 5 repre-
sent the southern and northern hemispheres, respectively. 
It is clear that the AO density predicted by the NRLM-
SISE-00 model was not constant in the orbit. This was pri-
marly because the altitude of the SLATS changed based on 
the latitude. Hence, the distribution of the AO density was 
symmetric across the equator. Meanwhile, the N2 density 
decreased in the southern hemisphere with the latitude but 
increased in the northern hemisphere. This was likely due 

Fig. 4   Artistic image of 
superlow altitude test satellite 
(SLATS) and its photograph 
before launch. AOFS-H5 and 
H7 QCM sensor locations are 
indicated by the red circles

Fig. 5   Example of AO and N2 density distributions in SLATS orbit as 
a function of latitude on August12–26, 2019 when the shutter opens. 
Asymmetric distribution of N2 is due to the ascending current N2 
heated by the Sun in the northern hemisphere
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to the ascending current of N2 heated by the Sun during 
the summer in the northern hemisphere. This phenomenon 
has been observed in the upper atmosphere at the local 
time of 15–18 h during the summer [23]. The total mass 
density of the atmosphere predicted by NRLMSISE-00 
was compared with those predicted by the Jacchia-Bow-
man model (JB2008) [24] and the drag temperature model 
(DTM2013) [25]. A similar distribution was predicted by 
the other two atmospheric models, suggesting that the unu-
sual dense N2 concentration was qualitatively correct. The 
SLATS orbited this unusual condition owing to its opera-
tion requirement: dawn-dust orbit (local time of 16 h) from 
June to August 2019. According to the NRLMSISE-00 
prediction, the N2 fraction in the SLATS orbit changed 
from 15 to 50% in each cycle of orbiting.

Figure 6 shows the relative Ey calculated by the mass 
loss of polyimide on the QCM as a function of N2 frac-
tion in the atmosphere predicted by NRLMSISE-00. The 
black triangles shown in Fig. 6 were values normalized by 
3.0E-24 cm3/atom at 33% N2 fraction (STS-8 condition). 
The grey circles represent the AOFS-H5 data, whereas the 

white squares represent data from AOFS-H7. The ground 
experimental data and AOFS-H7 data showed an increase 
in Ey as the fraction of high-energy particles increased. By 
contrast, the AOFS-H5 data showed a breakpoint at the high-
energy particle of 25%, then decreased as the fraction of 
the high-energy particles increased. As the AOFS-H5 was 
located on the bottom surface of the SLATS, the shielding 
effect of the fuselage of the SLATS may affect the AOFS-H5 
data, even though only the data points with positive pitch 
angles were plotted in Fig. 6 (nose-up attitude). The shield-
ing effect of AOFS-H5 must be analyzed in detail in future 
analyses. Meanwhile, the AOFS-H7 data did not affect the 
shielding effect; therefore, we compared the AOFS-H7 data 
with results from the ground-based experiments. No break-
ing point was observed in the AOFS-H7 data as shown in 
Fig. 6 i.e., Ey linearly increased with N2 fraction. However, 
the absolute value of Ey in the ground experimental data 
normalized by the STS-8 and AOFS-H7 data were not coin-
cident as shown in Fig. 6. This was due to many uncertain 
factors, such as the inaccuracy of NRLMSISE-00 atmos-
pheric model predictions. Therefore, we focused only on the 
slope of these data plots here. The two lines in Fig. 6 show 
the linear regressions performed on the ground experiment 
results and AOFS-H7 data. The linear regression results in 
Fig. 6 were normalized by Ey without high-energy particles 
and are indicated in Table 2. The relative changes in Ey on 
these lines were almost identical within an error of 4%. That 
the AOFS- H7 data showed a slightly more prominent effect 
than the ground-based experiment was attributable to the 
higher collision energy of N2 in sub-LEO than that of Ar in 
the ground experiment. However, the effect of the difference 
in collision energy, i. e., between 4.0 eV of Ar in the ground 
experiment and 9 eV in N2 in the sub-LEO was relatively 
small. The reason is yet to be elucidated, however, the Ar 
energy (4.0 eV) would be in sufficient to detect the effect of 
collision energy as the threshold of the CID is reported to be 
8 eV [6]. Table 2 suggests that the Kapton erosion at 200 km 
in altitude, where the N2 fraction reached approximately 
50%, is 1.8 times greater than that in the ISS orbit where 
the N2 fraction is less than a few percent. In other words, the 
Kapton-equivalent AO fluence in sub-LEO overestimates the 
AO fluence. Based on Fig. 6 and Table 2, it is clear that the 
effect of high-energy particles on the AO-induced erosion 
predicted via the ground-based experiment [4] was accurate, 
as confirmed by the flight experiment aboard SLATS.
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Fig. 6   Erosion yield (Ey) of polyimide obtained in the laboratory, 
AOFS-H5 and H7sensors as a function of high energy particle frac-
tion. Note that Ey of laboratory data (black triangles) are normal-
ized to be 3.0E-24 cm3/atom at 33% N2 based on the STS-8 results. 
Grey circles and white squares show AOFS-H5 and H7 data based on 
the mass-loss calculated from Sauerbrey’s equation and AO density 
predicted by the NRLMSISE-00 atmospheric model, respectively. 
Linear regression results are shown in the solid lines; Y = 3.01E-
26X + 2.00E-24 (experiments) and Y = 1.12E-26X + 6.83E-25 
(AOFS-H7)

Table 2   Relative increase in erosion yields (Ey) by high-energy particles estimated by the laboratory experiment and AOFS-H7 data. Ey are nor-
malized by the 0% high-energy particle condition

High-energy particle (%) 0 10 20 30 40 50

Ey predicted by Laboratory data 1.00 1.15 1.30 1.45 1.60 1.75
Ey measured by AOFS-H7 1.00 1.16 1.33 1.49 1.66 1.82
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6 � Conclusions

We analyzed the effect of hyperthermal collisions of N2 on 
AO-induced polyimide erosion in a sub-LEO space envi-
ronment. Collisions of N2 were simulated by an Ar beam 
formed by a dual-PSV system in a ground-based experiment. 
Laboratory results clearly indicated that the erosion rate 
of polyimide increased linearly with the fraction of high-
energy particles (N2, O2, or Ar). Because the established ero-
sion yield of polyimide, 3.0E-24 cm3/atom, was measured 
at 240 km in altitude (N2 fraction of 33%) by the STS-8, 
the polyimide erosion on the ISS at an altitude of 450 km 
would be smaller than that at 240 km. This tendency was 
confirmed by flight experiments conducted on STS and ISS, 
even though the accurate estimation of AO fluence was dif-
ficult. Meanwhile, SLATS/AOFS data, which is the world’s 
first material erosion data in sub-LEO, were analyzed from 
the viewpoint of the acceleration effect of N2 on AO-induced 
polyimide erosion. AOFS-H7 data, which do not require the 
consideration of the shielding effect of the SLATS fuselage, 
agreed well with the ground-based experiment. A series of 
ground and flight experimental results suggested that the 
erosion of polyimide in sub-LEO was greater than that pre-
dicted by AO fluence with a constant Ey of 3.0E-24 cm3/
atom.
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