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Abstract
We have analyzed the degradation of the solar cells of the Akebono satellite due to various space radiations, and found a signature of a deformed proton radiation belt in 1991. The output current of the solar cells decreased slowly from 13A in 1989 to about 7A in 2009, with a quasi-periodic oscillation. By comparing the decrease rate with the solar proton flux measured by GOES satellites and the flux of trapped radiations from NASA’s models (AP8MAX and AE8MAX), we found a fair correlation between the decrease rate of the solar cell output current and the trapped proton flux between 1989 and 1992. However, we also found an interval of inconsistency after a large solar proton event and geomagnetic storm in March 1991. Modified models of trapped proton flux distribution with a second peak around L = 2.3 lead to a better coincidence during the interval, indicating that the deformation of the proton radiation belt terminated around the end of 1991 or early 1992. The result provides further evidence for the proton radiation belt, usually thought as being quite stable, changing drastically on special occasions.
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1. Introduction
A solar active region produced a X9/3B flare at 2247 UT on 22 March, 1991, and a M6/2B flare at 0429 UT on 23 March, 1991. Severe geomagnetic storm conditions followed the arrival of an interplanetary shock at 0342 UT on 24 March, 1991. A second shock arrival was observed at 1930 UT on 24 March, 1991, after which the magnetopause was compressed to within the GOES satellite geosynchronous orbit. The GOES satellite observed an associated proton event at greater than 10 MeV with a peak flux of 43,000 pfu at 0350 UT on 24 March, 1991, coinciding with the first shock arrival.
The harsh space events drastically changed the terrestrial radiation belt. Blake et al. (1992) reported that the CRRES satellite detected a sudden appearance of protons and electrons with energies of a few tens of MeV around L = 2.6, just after the first shock arrival. The energetic particles were presumably injected by the interaction between the shock and the terrestrial magnetosphere, and formed a new radiation belt between L = 2 and L = 3.5. The formation process of the new radiation belt has been a subject of several studies (e.g., Li et al., 1993; Hudson et al., 1995, 1997; Obara and Li, 2003). The new radiation belt lasted for months with a slow variation and decay, at least until the CRRES satellite failed in mid October 1991 (e.g., Gussenhoven et al., 1996).
A remnant of the new electron radiation belt was still found by the SAMPEX satellite, launched on 3 July, 1992 (Looper et al., 1994; Li and Temerin, 2001), which slowly decayed and diffused inward. The proton radiation belt, on the other hand, seemed to have already lost the newly-formed secondary peak around L = 2 ∼ 3 when the SAMPEX satellite started its observation in 1992 (Looper et al., 2005). Because of lack of any other proton observation in the inner magnetosphere, we do not know how the proton radiation belt returned to the usual state.
The Japanese Akebono satellite stayed deep in the inner magnetosphere and orbited in the radiation belt environment covering the whole interval of interest in 1991 and 1992. Whereas the SAMPEX satellite observed the proton radiation belt only at a low altitude of a 550 × 675 km orbit, the higher apogee of the Akebono satellite allowed it to enter the midst of the proton radiation belt. Solar cells on board any satellites gradually degrade in the harsh environment of various space radiations during years in flight. In this paper, we present a signature of the deformed proton radiation belt in 1991 by analyzing the variation of the solar cell output current of the Akebono satellite.

2. Data
The Akebono satellite was launched on 22 February, 1989, into an elliptical orbit with an inclination of 75.1° and with an initial apogee and perigee of 10,482 and 272 km, respectively. The satellite is dedicated to the study on the auroral particle acceleration and related phenomena over the polar region. Details of the satellite are described elsewhere (Oya and Tsuruda, 1990; Tsuruda and Oya, 1991). The satellite has been successfully operated over more than 20 years and a huge data base has been built.
Figure 1 shows the variation of the monthly-averaged solar cell output current of the Akebono satellite under sunlit conditions from 1989 through 2009. Black vertical bars indicate the RMS (root mean square) variation around a monthly average. We have already removed the annual oscillation component associated with the variation of the heliocentric distance of the earth orbit. The output is continuously decreased over 20 years. Besides the continuous decrease, short-term, sometimes irregular, variations are overlaid, especially in the later interval. RMS for a monthly-average is also consistently larger in the later interval.[image: A40623_2015_650020121_Fig1.jpg]
Fig. 1Monthly-average with RMS (root mean square) bars of the solar cell output current of the Akebono satellite under sunlit conditions from 1989 up to the end of 2009.




The long-term continuous decrease throughout the entire period is probably due to the total dose effect of the space radiation environment. The decrease was initially fast, but it slowed down in later years, so that it is close to an exponential variation under a constant radiation (e.g., Patel, 2005). The short-term irregular variations, on the other hand, are not thought to be attributed to the space radiation effect, since they are too large and too abrupt.
One possible cause is the temperature variation after the degradation of solar cells reached quite a significant level. The output current is decreased at high temperature (e.g., Patel, 2005). The satellite power system is initially designed to provide a stable output level with enough margin for the expected temperature range. The margin became smaller with the progress of degradation. The output current became more susceptible to temperature variation, and occasionally decreased under a high temperature condition. This high temperature is caused by the Earth’s albedo when the satellite is located at a low altitude over dayside.
Another cause is a quite small amount of Akebono data in the later years, which eventually enhances the temperature effect. In later years, the Akebono data were acquired during a quite limited time in a month. It can happen that most of the data in a certain month are obtained when the satellite is under a high-temperature condition, and monthly averaging cannot work for minimizing the temperature effect. We have actually confirmed a relation between high temperature and the decrease of output current for the Akebono data in the later years. We do not show the results here, but will report them in a separate paper.
In this study, we analyze the current output data of the Akebono solar cells before 1993. Since the total degradation was still small and the temperature effect was not so significant before 1993, we expect that space radiation is most responsible for the variation of the current output for the interval. We can confirm that the RMS variation around a monthly average is small before 1993 in Fig. 1 and we simply assume that we can derive the space radiation effect by using the monthly average of the output current. We also use the solar proton data from GOES measurements in GEO and trapped particle models of NASA’s AP8MAX and AE8MAX, and investigate any relationship between the decrease of output current and energetic particle fluxes.

3. Results
Figure 2 summarizes the comparison between the variance of the solar cell output current per month (black lines) and various energetic particle fluxes integrated over a month. Here, for the purpose of suppressing irregular rapid components, we take a 4-month smoothing for the variance of the output current per month. The smoothed variance oscillates quasi-periodically with decreasing amplitude. The quasi-periodic variation is associated with the orbital variation of the Akebono satellite. The Akebono satellite has an orbit precession in latitude with a period of about 18 months. When its apogee is located at a high latitude, the variance takes a large negative value, indicating fast degradation. The fast degradation occurs twice in a full precession period, since the satellite apogee visits both northern and southern high latitudes in a period.[image: A40623_2015_650020121_Fig2.jpg]
Fig. 2Comparison between the variance of the solar cell output current per month (black lines) and solar proton flux (top panel), trapped proton flux (middle), and trapped electron flux (bottom), integrated over a month. Colors of the particle flux line represent the energy range as indicated in the figure.




The top panel presents a comparison with monthly integrated solar proton flux of the GOES satellites in GEO. The colors of the proton flux lines represent the particle energy range as indicated in the figure. The Akebono satellite has silicon solar cells with a coverglass of 0.5 mm thick, which gives a penetration range for normal incidence of about 8 MeV protons (e.g., Knoll, 1989). Therefore, proton flux integrated over an energy larger than 10 MeV may represent the particles that damage the solar cells. Heavy ions such as alpha particles cause more degradation, but we assume that heavy ions are included as a portion of the proton flux in this study.
The solar proton flux varies rather randomly whereas the degradation is quasi-periodic. We found no obvious correlation. For a precise comparison, we have to calculate the solar proton flux at the Akebono altitude intruding from GEO. The orbital period of the Akebono satellite was initially 212 min and was much shorter than the typical time scale of solar proton events, so that the effect of satellite location during an orbital motion is expected to be averaged. Therefore, the phase relation of the monthly variation at the Akebono altitude should be similar to that in GEO, though the magnitude of the flux can be different.
Trapped proton flux integrated over a month along the Akebono orbit is shown in the middle panel, which varies periodically regardless of the particle energy range. When the apogee of the Akebono satellite is located at a high latitude, the expected proton flux is large. The Akebono satellite traversed the proton radiation belt centered around L = 1.6, when its apogee and perigee were located at a high latitude. On the other hand, when its apogee and perigee lay near the equator, the Akebono satellite avoided crossing the center of the proton radiation belt. The apogee (10,482 km) was too high and the perigee (272 km) was too low to enter the midst of the proton radiation belt.
The opposite phase relation is found in the trapped electron flux (bottom panel) which also has a quasi-periodic oscillation. When the apogee of the satellite is located at a high latitude, the expected electron flux is low. The contrast with the trapped proton flux results from the presence of the outer belt for trapped electrons. The intervals of large electron flux are not consistent with the fast degradation, and trapped electrons are not thought to be a main cause of the degradation.
Comparing the flux variation among the various space radiations, we find that the intervals of large trapped proton flux coincide fairly well with the fast degradation of the solar cells. The only exception is around the middle of 1991. After 1992, the phase relation was re-established. The results of the comparison with the solar proton and trapped energetic particle flux variations strongly suggest that the oscillating degradation of the Akebono solar cells until 1992 is mainly due to trapped proton radiation, which can be modeled by AP8MAX.
A major interplanetary shock struck the magnetosphere at 03:32 UT on March 24, 1991, leading to a severe geomagnetic storm. CRRES observations revealed that the energetic solar particle event and successive geomagnetic storm drastically changed both the electron and proton radiation belts and the effect lasted, at the least, for more than several months (Blake et al., 1992; Gussenhoven et al., 1996). The proton radiation belt usually has a single peak around L = 1. 6, but a second peak appeared around L = 2 ∼ 3 after the geomagnetic storm. By referring to figure 5 in Gussenhoven et al. (1996), we introduce new models of the proton radiation belt for the interval of inconsistency between the solar cell degradation rate and the proton flux from AP8MAX, which we found in 1991.
Based on the data taken after the magnetic storm in March 1991, Gussenhoven et al. (1996) presented an active time omnidirectional trapped proton flux on the magnetic equator as a function of L for four representative energies, 6, 15, 26, and 55 MeV. The features of the L-shell distribution can be summarized as follows. At low energies, there is a single peak similar to the AP8MAX model profiles, but the shape is less rounded at high L values, falling off more rapidly. At intermediate energies, there is a double-peaked structure lying underneath the AP8MAX profile. At high energies, there is a deep valley between the two peaks. The second peak can be as large as the inner peak, and lies completely above the AP8MAX profile.
Since the CRRES result is highly energy dependent and we rather need the flux integrated over energy, we do not try an exact comparison, but make some models with the basic features described above, seeking any better similarities with the solar cell degradation rate. Inside of an L value of about 1.6 Re, there is no significant difference from the AP8MAX profile. But beyond this point, the flux falls more rapidly in some models. The second peak around L = 2.3 lies beneath, or above, the AP8MAX level in other models.
Figure 3 shows equatorial proton flux distributions with energies higher than 10 MeV (upper panel) and higher than 30 MeV (lower panel) of our new models as a function of the L value. The proton flux provided by AP8MAX is shown by a black line, which yields the monthly-integrated flux used in Fig. 2. The proton flux in our new models is changed along the field lines based on the magnitude of the magnetic field in the same way as in AP8MAX. The second peak of Model 1 and Model 4 is the largest, while that of Model 3 and Model 6 is the smallest. CRRES observation shows that the second peak is more prominent for higher-energy protons. In this respect, Model 3 and Model 6 resemble the 6 MeV and 15 MeV proton distribution of the CRRES observation. Model 2 and Model 4 have an intermediate flux for the second peak, which may be similar to the 26 MeV and 55 MeV proton distribution of the CR-RES observation.[image: A40623_2015_650020121_Fig3.jpg]
Fig. 3The equatorial proton flux distribution with energies higher than 10 MeV (upper panel) and higher than 30 MeV (lower panel) of various models as a function of the L value.




We applied the new models from 24 March through to the end of November, 1991, to calculate the trapped proton flux integrated over a month along the Akebono orbit. The results are shown in Fig. 4. Model 1 gives the highest flux at the second peak of all the models, including AP8MAX. Model 3 and Model 6 show the lowest flux during the interval. All three models indicate an abrupt large change from the proton flux given by AP8MAX and do not seem suitable to account for the solar cell degradation.[image: A40623_2015_650020121_Fig4.jpg]
Fig. 4Variance of the solar cell output current per month and the monthly-integrated trapped proton flux deduced from the various models. The new models are applied from 24 March to the end of November, 1991.




The observed feature of the solar cell degradation rate is that the quasi-periodic variation ceased and the degradation rate stayed rather constant during the interval. Therefore, the proton flux integrated along the satellite orbit should be stable regardless of the phase of the orbit precession in latitude. The proton flux deduced from Model 2 and Model 4 is the most stable among the models. The common feature of the two models is that the second peak is almost equivalent to the first, which provides a rather constant flux during the interval and seems most suitable to account for the observation result.

4. Discussion
We found a quasi-periodic degradation rate of the solar cell output current of the Akebono satellite. Comparison of the phase relation with the particle flux variation due to the orbit precession indicates that trapped protons are most responsible for the solar cell degradation of the Akebono satellite. This is also true for the interval of emergence of the second peak of the proton radiation belt after the intense solar event and following the geomagnetic storm in March 1991. We found a signature of a deformed proton radiation belt in the solar cell degradation rate of the Akebono satellite.
The CRRES observation was terminated in mid-October 1991 and did not show exactly how long the deformed radiation belt remained (Gussenhoven et al., 1996). The SAM-PEX satellite was launched in July 1992 and detected a remnant of the deformed electron radiation belt until 1995 (Li and Temerin, 2001). Any similar remnant was not found for the proton radiation belt (e.g., Looper et al., 2005). There is a possibility that the deformation of the proton radiation belt actually lasted near the magnetic equator in 1992, or even in later years, but anisotropic particle distribution could prevent the SAMPEX satellite from detecting energetic protons at low altitude. Our analysis demonstrates that the proton radiation belt really lost its second peak around L = 2.3, even at high altitude, before the launch of the SAMPEX satellite.
In our models, the proton radiation belt is set to have recovered to the original state rather abruptly at the end of November 1991. A gradual recovery would be more realistic. The duration of about 8 months used in our model calculation should be taken as a first-order estimation for the recovery time scale. Our results agree with the fact that the second peak of the proton radiation belt around L = 2 ∼ 3 disappeared after the CRESS observation was terminated in mid-October 1991 and before the SAMPEX satellite started observation in mid-1992.
The Akebono satellite carried a radiation monitor instrument, RDM, on board, and measured energetic electrons and protons. Obara and Li (2003) analyzed the RDM data and studied the rapid formation of a new electron radiation belt during the 1991 event. From the RDM observation, Takagi et al. (1995) also reported a drastic increase around L = 2 ∼ 3 from the proton radiation monitor for the solar proton event and the geomagnetic storm in March 1991. However, its proton measurement suffered from contamination by energetic electron flux and, therefore, we do not attempt a quantitative comparison with our results here. We simply point out that the RDM on board the Akebono satellite also observed a drastic change in the radiation belt which, at least, lasted for more than several months in 1991.
We obtain a fair agreement between the degradation rate and the proton flux in the case of Model 2 for > 10 MeV and Model 4 for >30 MeV protons. Both cases have a second peak equivalent to the first peak and resemble the 26 MeV and 55 MeV proton distribution of the CRRES observation. Protons with energies of 8 MeV have a penetration range of about 0.5 mm, the thickness of the coverglass of the Akebono satellite. Model 3 and Model 6 have a similar distribution of 15 MeV protons of the CRRES observations, but give a poor agreement. The L-shell distribution of Model 2 and Model 4 may seem to represent protons with rather high energies, considering the corresponding penetration range. Protons probably need more energy in order to damage the silicon solar cells even after their passage through the coverglass.
Our result shows that solar protons have not decreased the solar cell output of the Akebono satellite, but solar protons are generally known to be a major cause of solar cell degradation. As an example, the Japanese CS satellite on GEO experienced a step-like decrease of solar cell output for occasions of large solar proton events. A large decrease took place in October 1989, when the Akebono satellite has been also in orbit. We investigated the solar cell output variation of the Akebono satellite in October 1989, but found no evident decrease. Probably due to the low altitude of Akebono orbit, the solar cells are not significantly affected by solar protons but are more severely damaged by trapped proton radiation.
We have analyzed the data of the solar cell output current between 1989 and 1992 in this study. We still have the Akebono data up to the present. From SAMPEX observation, Looper et al. (2005) reported that the proton radiation belt showed another drastic change in 2003. Although we need to identify and remove other variation components carefully from the solar cell output current, it may be possible to expand our analysis to later years to look for other variations of the proton radiation belt.
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