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Abstract 

The Solar Dynamics Observatory (SDO) is a sun-observing spacecraft that includes two 

spectrometers that use aluminum membranes to filter solar radiation. The transmission of those 

filters degraded by a factor of 5 during the first five years after launch. Previously, we showed 

that that degradation was comparable to that induced in the laboratory by UV synchrotron 

radiation on similar aluminum filters. Here, we show that a physics-based model fit to the results 

of our synchrotron exposures can quantitatively describe the SDO degradation if the water vapor 

pressure pH2O on the SDO is allowed to be a free parameter. The fitted value of pH2O for both 

spectrometers, approximately 10-8 mbar (10-6 Pa), is consistent with the flux of outgassed water 

estimated for the thermal blankets on SDO. 

 

1. Introduction 

Figure 1 shows the Solar Dynamics Observatory (SDO) (Pesnell, 2012) shortly before it was 

launched. This sun-viewing satellite includes two instruments, MEGS-A (Multiple EUV Grating 

Spectrograph) and ESP (EUV SpectroPhotometer), each of which uses an aluminum membrane 

to filter the solar radiation (Woods et al., 2012, Didkovsky et al., 2012). The two instruments 

were part of the Extreme Ultraviolet Variability Experiment (EVE). 

 

 
Figure 1. Left: The SDO awaiting integration onto the Atlas V rocket (Wikipedia, 2022). Right: 

The entrance apertures of MEGS-A and ESP have line-of-sight views of the nearby thermal 

blanket. 

MEGS-A

ESP
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Figure 2 shows the transmission of the two filters, which degraded by a factor of 5 during the 

first five years after launch. This degradation was initially blamed on carbon deposited on the 

filters by outgassed organic vapor. However, Tarrio, Berg, and Lucatorto (2021) ruled out such 

carbonization because a nearby Zr filter protected by an oxidation-resistant cap layer of carbon 

did not degrade. The alternate possibility (Tarrio et al., 2023) was that the degradation was 

caused by oxidation driven by outgassed water and ultraviolet (UV) radiation. We attempted to 

reproduce that degradation by exposing similar aluminum filters to UV synchrotron radiation in 

the presence of water vapor (Tarrio et al., 2023). Our longest exposure of 20 days added 10 nm 

to the native oxide, comparable to the 24 nm added to the SDO filters during 5 years. This result, 

which did not rely on a model, confirmed that the degradation of the aluminum filters on SDO 

was likely due to UV-induced oxidation. However, three questions remained: 

1. Were the oxide growth rates in the laboratory consistent with those on SDO? 

2. Was the water vapor pressure on SDO sufficient to produce such oxidation? 

3. What was the source of the water vapor on SDO? 

 

 
Figure 2. The aluminum filters used in two solar-viewing instruments on board the SDO satellite 

degraded during five years. The decrease of transmission at 30.4 nm corresponds to the addition 

of 24 nm of oxide to the filters. 

We answer these questions with the help of our physics-based model of Al oxidation (Berg, 

Tarrio, and Lucatorto, 2023) whose free parameters were fit to the UV-induced oxidation 

observed in the laboratory. Below we outline the model and then use it to answer the first and 

second questions. The third question is answered by showing that the water vapor pressure on 

SDO was consistent with the flux of outgassed water estimated for the thermal blankets on SDO. 

 

2. Oxidation Model 

This section outlines the oxidation model, which is described in detail elsewhere by Berg, Tarrio, 

and Lucatorto (2023). It starts with the Cabrera-Mott oxidation model (Cabrera and Mott, 1948) 

as extended by Dignam and coworkers (Dignam, Young, and Goad, 1973; Dignam, 1981). It 

then describes the creation of OH− ions at the oxide surface by the dissociative adsorption and 

subsequent ionization of H2O, and it uses Monte-Carlo calculations to describe the transport of 



3 

 

“hot” photoelectrons injected into the oxide with energies much greater than kT. The key 

concepts are the following. See Figure 3. 

1. The UV causes “internal photoemission” that injects electrons from the metal into the 

oxide. 

2. The injected electrons are scattered by phonons in the oxide, which reduces the electron 

flux that reaches the oxide-vacuum surface. 

3. The electrons at the surface combine with adsorbed OH groups to create a surface charge 

composed of OH− ions. 

4. The surface charge creates an electric field in the oxide. 

5. The electric field causes Al3+ cations to move through the oxide and combine with OH− 

ions at the surface, which grows more oxide. 

 

 
Figure 3. Concepts in the model. 

 

The fifth concept says that the growth rate of the oxide thickness X is simply the product of the 

volume a3 of an Al2O3 molecular unit and the Al ion flux JAl: 

(1)  
𝑑𝑋

𝑑𝑡
= 𝑎3𝐽Al . 

The flux JAl depends on the temperature and the electric field across the oxide, both of which 

promote the transport of Al ions through the oxide. Calculating oxide thickness is then a matter 

of calculating the electric field, which depends on the energy distribution of the injected 

photoelectrons, the mean free path of those electrons in the oxide, and the energies that 

characterize the adsorption and subsequent ionization of H2O molecules on the oxide surface. 

Here, we note only that the electric field F is proportional to the dimensionless surface coverage 

OH− of OH− ions, 

(2)  𝐹 =
𝑒𝜃OH−

𝜀𝑎2
 , 

where  is the dielectric constant of Al2O3. Details about the calculation are in Berg, Tarrio, and 

Lucatorto (2023). 
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3. Determining the Model’s Free Parameters  

The model’s free parameters were determined by exposing similar aluminum filters to UV 

synchrotron radiation in the presence of water vapor, measuring the thickness profile of the 

resulting oxide spot, and fitting the parameters simultaneously to all of the oxide spots. The 

exposures were carried out on Beamline 1a (Tarrio et al., 2011) of the NIST Synchrotron 

Ultraviolet Radiation Facility storage ring (SURF III) (Arp et al., 2011). The synchrotron 

radiation was filtered through a sapphire (Al2O3) window, which, as shown in Figure 4, limited 

the shortest wavelength to about 145 nm. This limit ensured that the UV interacted with only the 

aluminum metal and not the oxide overlayer.  

 
Figure 4. Irradiance falling on the filter in Beamline 1a (solid line, left-hand scale) and on the 

SDO (dashed line, right-hand scale). 

Most of the exposures were done at the water vapor pressure pH2O = 10-6 mbar, but others were 

done in the range from 3×10-8 mbar to 10-4 mbar. The UV intensity was varied by a factor of 10, 

and the duration was varied from 1 hour to 20 days.  

 

The thickness-vs-position profile of each spot was characterized by using SURF Beamline 7 to 

measure the transmission of the filter in and around the spot at 17.5 nm wavelength. This 

wavelength is sensitive to the oxide thickness because it is absorbed more strongly by oxygen 

than by aluminum. The absolute transmission data were converted into relative transmission by 

dividing them by the transmission in an area well away from the spots.  Finally, the oxide 

thickness added at each position was calculated using values for the optical constants of Al and 

Al2O3 from the Center for X-ray Optics (henke.lbl.gov; retrieved 13 April, 2022) and Livins, 

Aton, and Schnatterly (1988). Details about the exposures and the measurements are in Tarrio et 

al. (2023) and Berg, Tarrio, and Lucatorto (2023). 

 

 

Table 1 gives the values of the model’s parameters. Five parameters were fit to the 

measurements, and three were fixed at literature values. One of the fixed parameters, the initial 

oxide thickness X0, was varied in a narrow range after the free parameters had been chosen, with 

the constraint that the value of X0 was the same for all four spots on a given filter. The values of 

the free parameters are consistent with the expected values, and to within approximately 20 % 
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they enabled the model to describe the thickness-vs-position profiles, not merely the peak 

amplitudes, of the 14 oxide spots discussed in Berg, Tarrio, and Lucatorto (2023). 

 

Table 1. Fixed and fitted oxide parameters in the model (Berg, Tarrio, and Lucatorto, 2023).  

quantity fixed  value used expected why expected 

initial oxide 

thickness 

X0 4.0 eV or 4.5 nm (4 ± 1) nm measured values of various 

surfaces in literature 

Al-Al2O3 work 

function 
 2.6 eV (2.6 ± 0.6) eV middle value of literature 

range 

electron-phonon 

collision loss 

Eop 0.05 eV (0.05 ± 0.01) eV neutron scattering 

     

     

quantity fitted  value fitted expected why expected 

electron mean 

free path 

L (1.22 ± 0.02) nm (1.0 ± 0.2) nm photoyield of biased  

Al-Al2O3-Au sandwich 

ion-hop barrier 

energy 

+U0 (1.07 ± 0.02) eV (0.8 to 1.6) eV oxidation at higher T by 

exposure to O2 

H2O adsorption 

energy 
−U1 (1.01−0.02

+0.04) eV (0.5 to 1.8) eV adsorption on crystal Al2O3 

OH ionization 

energy 
−U2 (0.68 ± 0.02) eV < 1.4 eV OH electron affinity − H2O 

dissociation energy 

H2O / photon 

desorption yield 

Y (4 ± 1) × 10-4 < 18×10-4 desorption from bulk H2O 

 

 

4. Answers 

This section answers the three questions posed in the introduction. 

 

4.1. Were the oxide growth rates in the laboratory consistent with those on SDO? 

The exposure conditions in the laboratory were necessarily different from those on SDO. In 

particular, the aluminum filters on SDO viewed direct solar radiation, while the filters in the 

laboratory saw synchrotron radiation filtered through a sapphire (Al2O3) window. Table 2 

summarizes the exposure conditions. 

 

Table 2. Exposure conditions on SDO and in the laboratory. 

 SDO laboratory 

radiation spectrum optical and near-UV deep-UV and near-UV 

H2O pressure  ~10−8 mbar 3×10−8 mbar to 10−4 mbar 

exposure duration 5 years 1 hour to 20 days 

   

Despite the different exposure conditions, we were able to establish that the oxide growth 

observed on SDO was quantitatively consistent with that measured in the laboratory. This was 

done by using the values in Table 1 to describe the SDO data. Four other fixed parameters, not 

shown here, had values that differed between the SDO and the laboratory exposures because they 
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were determined by the incident UV spectral intensity and the resulting photoelectron energy 

distribution. 

 

As mentioned above, we fixed the value of the initial oxide thickness, X0, for the laboratory 

exposures at a nominal value, either 4.0 nm or 4.5 nm. Using a nominal value was not necessary 

for the SDO exposures because the curves shown in Figure 2 could be converted to continuous 

functions of oxide thickness vs time, X(t). Those functions were fit by the empirical equation 

(3)  𝑋(𝑡) = 𝑋0 (1 +
𝑡

𝑡0
)

1/2
 , 

where t is time and t0 is a time constant (Berg, Tarrio, and Lucatorto, 2023). Remarkably, 

Equation (3) represented the SDO values of X(t) to within 0.3 nm. This time dependence, known 

as “parabolic growth” in the corrosion literature (Cabrera and Mott, 1948; Dignam, Young, and 

Goad, 1973; Young and Dignam, 1973; Dignam, 1981) occurs when the temperature is 

sufficiently high to enable free diffusion of the ions across the oxide. However, the temperature 

on SDO was too low for such diffusion (Doremus, 2006; Fielitz, Borchardt, Ganschow, and 

Bertram, 2012; Fielitz, Kelm, Bertram, Chokshi, and Borchardt, 2017; Heuer, 2008), and we 

found that the oxide growth on SDO was limited instead by diffusion of electrons. 

 

Table 3 gives the resulting values of X0 that resulted from Equation (3). The value of X0 for 

MEGS-A, though twice the nominal value in Table 1, is consistent with Figure 21 of Powell, 

Vedder, Lindblom, and Powell (1990); they expected the native oxide thickness on a single side 

of a similar aluminum filter to increase with age from 1.8 nm to a maximum of approximately 

7.5 nm. 

 

The model for X(t) for the SDO exposures necessarily had two free parameters, the temperature 

T and the H2O pressure pH2O, because, unlike the laboratory exposures, their values were not well 

controlled. The temperature of the aluminum filter was a balance between the incoming solar 

irradiance to the front side of the filter and the outgoing radiation emitted from both sides of the 

filter. Most of the outgoing emission went to SDO’s surrounding interior surfaces. The pressure 

at the filter was a balance between the flow conductance from the filter to the exterior of the 

spacecraft and the outgassing of nearby surfaces, exterior as well as interior. 

 

Table 3. The initial thickness X0 and time constant t0 were fit to the empirical Equation (3), and 

the temperature T and pressure pH2O were fit to the oxidation model for the two SDO 

instruments. 

 ESP  MEGS-A  source 

X0 3.4 nm 8.3 nm  fit Equation (3) 

t0     0.074 year     0.277 year  fit Equation (3) 

T  306 ± 1 K  314 ± 1 K fit model 

pH2O     (0.58 ± 0.03)×10−8 mbar     (1.5 ± 0.10)×10−8 mbar fit model 

 

Table 3 gives the fitted values of T and pH2O. The values of T are not absolute; rather they reflect 

the temperatures on board SDO relative to the value of 300 K that was used to analyze the 

laboratory exposures. Using these values of X0, T, and pH2O reduced the rms fit deviations for 

both ESP and MEGS-A to less than 0.3 nm. The agreement in Figure 5, which compares the 
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model oxide thickness to that inferred from the degradation of the SDO instruments, clearly 

indicates that the oxide grown in the laboratory is consistent with that grown on SDO. 

 
Figure 5. The red and blue solid lines are the oxide thicknesses inferred from the degradation of 

the SDO instruments MEGS-A and ESP seen in Figure 2. The dashed lines show the model 

calculated with the parameters in Table 1, but with the values of the initial thickness X0 taken 

from Table 3. 

 

4.2. Was the water vapor pressure on SDO sufficient to produce such oxidation? 

The second question is answered by the values of pH2O in Table 3, but are those values 

reasonable? In response, we note the following. 

• The values exceed 6×10-12 mbar, the minimum pressure required by the stoichiometry of the 

initial (fastest) oxide growth.  

• One might expect the water vapor pressure to decrease with time. However, replacing the 

constant values of pH2O in Table 3 by functions pH2O(t) that decreased significantly during 

five years increased the deviations between the model and the data, making such a decrease 

unlikely. 

• The values in Table 3 are comparable to the pressure peaks measured on another 

geosynchronous satellite, the Midcourse Space Experiment (MSX) (Boies et al., 2004). 

Those peaks occurred once per year when the MSX was turned so that the multilayer 

insulation on the surfaces near a pressure gauge directly faced the sun. Five years after 

launch, the peak pressure was as large as 1.6×10-8 mbar, and the similarity of the peaks 

observed over 8 years led Boies et al. (2004) to characterize the MSX insulation as an 

“inexhaustible reservoir” of water. 

 

4.3. What was the source of the water vapor on SDO? 

We quantified the “inexhaustible” reservoir by noting that the MSX insulation was a thermal 

blanket that comprised 20 layers of aluminized Mylar separated by layers of netting (Green, 

2001) made of polyethylene terephthalate (PET), which can absorb 0.5 % water at 50 % relative 

humidity (Jabarin and Lofgren, 1986). The netting recommended for multilayer insulation has a 

mass density of 6.3 g m-2 (Finckenor and Dooling, 1999), which leads to a large water mass 

stored per unit area of blanket, 

(4)  𝑀H2O
′ = (20)(6.3 g m−2)(0.005) = 0.63 g m−2 . 
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This estimate assumes that the water adsorbed in the blanket was in equilibrium with the 

humidity in ambient air while SDO was waiting for launch. 

Like the MSX, the SDO was covered in multilayer insulation, but unlike the MSX, the surface in 

question always pointed at the sun, so that the molar flux H2O outgassed by the insulation 

changed only slowly. Some of that flux could enter the SDO spectrometers, as depicted by 

Figure 6. Here, we estimate the incoming molar flow rate by multiplying the outgassed molar 

flux H2O by the area r2 of the tube entrance and the fraction fview of the solid angle seen by the 

entrance that is filled by the insulation. 

(5)  (incoming molar flow rate) = ΓH2O(𝜋𝑟2)𝑓view . 
 

 
Figure 6. Water outgassed by the outer surface of multi-layer insulation is replenished by 

outgassing from the layers underneath. Some of the outgassing could enter the MEGS-A and 

ESP spectrometers, which were characterized as simple tubes.  

In steady state this incoming flow will equal the outgoing (molecular) flow [O’Hanlon (1980)] 

due to the H2O pressure at the spectrometer’s filter. In particular, the pressure at the MEGS-A 

filter corresponded to a steady outward H2O molar flow rate of 

(6)  𝑛̇H2O = 𝐶𝑝H2O =
2𝜋

3

𝑟3

𝑙
〈𝑣〉

𝑝H2O

𝑅𝑇
= 1.2 × 10−12 mol s−1. 

Here, 〈𝑣〉 is the average molecular speed, and the flow conductance C between the filter and the 

entrance is approximated by a tube of radius r = 0.5 cm and length l = 10 cm. Equating 

Equations (5) and (6) then gives molar flux outgassed by the insulation, 

(7)  ΓH2O =
𝑛̇H2O

𝜋𝑟2𝑓view
 . 

 

Figure 1 shows that both MEGS-A and ESP have line-of-sight views of nearby thermal blankets 

and that roughly 10 % of the 2 steradians seen by their entrances is filled by the thermal 

blanket, i.e. fview   0.1. (This estimate ignores additional outgassing from the blanket on the open 

door of the adjacent Helioseismic and Magnetic Imager (HMI).) Using that value in Equation (7) 

leads to 

(8)  ΓH2O = 1.5 × 10−7 mol s−1 m−2. 
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Multiplying this flux by the molar mass MH2O = 18 g mol-1 and the duration, t = 5 years, gives a 

lower bound on the amount of water stored in the multilayer insulation, 

(9)  𝑀H2O
′ = ΓH2O𝑀H2O𝑡 = 0.4 g m−2 .  

This is comparable to the amount estimated in Eq. (4), which suggests that the thermal blanket 

was indeed the source of water vapor that oxidized the aluminum filters. 

 

5. Recommendation 

Future aluminum filters could be protected from oxidation by adding a capping layer that 

inhibited ion mobility while being sufficiently transparent in the desired bandwidth. The UV-

induced oxidation of any filter could be decreased by adding an axial tube to the entrance of the 

spectrometer. A sufficiently long tube would obstruct the H2O outgassing from nearby thermal 

blankets, thereby reducing the value of fview in Equation (5). 
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