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The Relationship Between DSCS lIl Sunlit Surface
Charging and Geomagnetic Activity Indices

L. Habash Krause, B. K. Dichter, D. J. Knipp, and K. P. Ray

Abstract—The authors report on a survey of correlations be- charging depends on the spacecraft materials, its exposure to
tween DSCS Ill satellite sunlit surface charging data and tabulated sunlight, and the local plasma environment surrounding the
values of selected geomagnetic activity indices. This study is driven spacecraft.

by the motivation to find a set of indices that have the potential Si iti 1k that fi tivity leads t d
to be used as proxies for determining the presence (nowcasting) INCE ILIS Well KNown that geomagnetic activity 1eads to mocd-

and likely onset (forecasting) of surface charging. DSCS Il data ification of the geosynchronous plasma environment, we seek
were compared with the Dst, ap, and the Polar Cap indices for a a statistical relationship between charging event severity and
study period covering day 229, 1995 through day 115, 1999. Re-geomagnetic activity. This study examines the frame surface
sults show that: 1) significant correlations &* > 0.97) between . arqing observed during sunlight on the Defense Satellite and

average frame charging level and all three geomagnetic activity S .
indices exist, and 2) the probability of charging events increases Communication System (DSCS) Il and correlates the data with

monotonically with increasing levels of geomagnetic activity until the values of the geomagnetic activity indices.
extreme levels are approached. It is postulated that during these  In order to devise and employ mitigation techniques to pre-

extreme geomagnetic events, an anomalous source of neutralizingvent or ameliorate charging effects, a solid understanding of the
ions may be present at geosynchronous orbit either due to direct ¢, gitions that lead to charging is necessary. The ultimate goal
input from the solar wind or to ion outflow from the ionosphere. . . - -
is to develop a series of event nowcasting and forecasting tools
by which autonomous spacecraft systems could methodically
diagnose in real-time and predict with some lead-time surface
HARGING of spacecraft in geosynchronous orbits hagharging events that may be considered a hazard or a nuisance
been the subject of investigations for over 30 years, bt the mission. The first step was to associate the conditions of
ginning with the observations by instruments aboard the Athe local environment with observed charging events. Results
vanced Technologies Satellite (ATS) 5 in the late 1960’s aifichm the Spacecraft Charging AT High Altitudes (SCATHA)
early 1970’s [1]. It is important to understand spacecraft sur-78-2 near-geosynchronous satellite mission demonstrate that
face charging for the following reasons: 1) it is known to caugbe primary population of particles that instigates satellite sur-
satellite operational anomalies [2]; 2) it affects the accuracy tfce charging is that of energetic electrons with energies in the
certain diagnostic instrumentation, especially electrostatic arlé’'s of keV range [5]. Using the SCATHA results, investiga-
lyzers built to providen situ measurements of plasma paramgors were able to develop a surface charging diagnostic and
ters; and 3) it is known to accelerate the environmental degraitigation experiment, appropriately called the Charge Control
dation of sensitive materials (e.g., charging can cause enharfsgstem (CCS), to fly on DSCS IlI. With the CCS, it was pos-
ment of deposition onto optical surfaces [3]). sible to determine the levels of frame charging and differential
Spacecraft charging can appear in many forms, igharging between the frame and two dielectrics representative
cluding frame (absolute) charging, which characterizes tliécommon spacecraft materials—kapton and astroquartz cloth.
frame-to-plasma potential difference, and differential charginghe CCS, explained in further detail in the following section,
which characterizes frame-to-surface or inter-surface potentids launched in 1995 and is operational to this day. It is ca-
differences. Furthermore, due to the different discharge mecipa@ble of determining levels of charging and using these levels as
nisms and consequences following discharge, charging eventsigger to activate a Xe plasma source to quench the charging
are then sub-categorized depending on the depth of penetragigants. Significant progress was made when the data from the
of the electrons: electrons with energies greater than 100 k€S experiment were compared with the combined applica-
are associated with deep dielectric charging [4], wheretign of the Magnetospheric Specification and Forecasting Model
electrons with energies in the range of several to several tdMSFM) [6] and a rigorous spacecraft charging model. An anal-
of keV are known to cause satellite surface charging [5]. Thysis of the results shows that the combined models accurately
probability of a spacecraft experiencing a particular type ¢redict high-level ¥ > 300 V) spacecraft charging based upon
the coinciding geomagnetic activity [7].
Now, with the examination of CCS data in this study, we take
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auroral ionosphere, and the Polar Cap Index (PCI), represent288 (25 August) of 1996, starting from midnight Universal Time
activity in the polar ionosphere. For the interested reader, a (&FT). lon spectra, differential in energy-scale) and varying
view of these indices is presented in [8]. in time (z-scale), appear in the upper panel of the figure. The
The paperis organized as follows: The DSCS Il satellite orlgirayscale on the right of the panel applies to the log of the
and the CCS experiment is described in Section Il. Then, diux intensity of the ions. We determine the spacecraft frame
servations of spacecraft sunlit frame charging as seen throuwgdiarging from the peak in the ion spectra, using the principle that
ion spectra are presented in Section Ill. Also included in thisns from the background plasma will be accelerated through
section are the temporal histograms of charging occurrence ttied potential drop that exists between the charged body and
are indicative of event correlations with solar/geomagnetic atte plasma [1]. In this example, the frame charging begins at
tivity. Section IV contains the statistical data and analysis of tleelevel of 50 V at approximately 27 000 seconds (07:31) UT,
correlation of the surface charging events with geomagnetic agadually increases to a peak value of 894 V at approximately
tivity as represented by Dst, ap, and PCI. All data presented3f 300 s (10:05) UT, then falls off to a value of 34 V at 43700 s
this paper are for daylight intervals. Eclipse charging will bgL2:08) UT.
discussed in another paper. A discussion of the results appearshe lower panel of Fig. 1 displays traces grayscale coded
in Section V, and the paper concludes with a brief summary iim the legend and described from top to bottom as follows:
Section VI. 1) 20-50 keV electron counts; 2) Astroquartz SPM1 Voltage;
3) Kapton SPM2 \oltage; 4) Xe plasma thruster on/off. The
20-50 keV electron count trace (black) shows an abrupt
The CCS experiment resides on DSCS lll, an operationaicrease a half hour past midnight UT. Associated with the
3-axis stabilized geosynchronous satellite launched in Aug@éctron increase is the differential charging of the kapton SPM
of 1995. A thorough description of the CCS program has beémrd trace). Note that the Xe plasma source was activated during
published previously [9], but a brief description of the system this differential charging event (starting at 411800 seconds),
presented here. The CCS consists of: reducing the kapton SPM voltage close to background levels.
i) a Xe plasma generator Also note also that the electron count is elevated from UT
ii) an ion electrostatic analyzer (ESA) to measure ions i 26000 to 47000 seconds—roughly the time spanning the
31 differential channels between 17 eV and 12.3 kefvame charging duration.
for determining frame charging levels (one spectrum per The distribution of sunlit frame charging was measured as
60 seconds) a function of local time and time of year for a study period
iii) an electron ESA adapted to measure integral electr@overing day 229, 1995 through day 115, 1999. Each sunlit
counts between 20 keV and 50 keV for determining thigame charging event was identified by the peak evident in the
intensity of the frame charging electron population (ongpectrogram of ion flux plotted against time and ion energy
measurement per second) [1]. It is noted that, with the ion peak method, it is possible
iv) two surface potential monitors (SPM's), one with ap miss charging events on occasion due to the field aligned
Kapton blanket material and one with an Astroquartgotion of the ambient ions or due to a lack of ambient ions
material, for determining differential charging betweeg, he measured. For each day during which charging was ob-
the materials and vehicle ground (one measurement Refyed, the total charging duration%0 Volts), as well as the
10 seconds) charging level averaged over each charging event and the max-

v) agasstorage and_control ass_embly with associated t m charging level during that day, were extracted from the
valves and plumbing to provide the gas for the plasrqgn data and recorded

. generator : . A histogram of sunlit frame charging data accumulated over
vi) @ power electronics unit to control the gas assembly a?l%je study period (Fig. 2) illustrates the frequency of the chargin
plasma generator y% its d 9: q local i N hy b dgll gl
vii) amicroprocessor controller to detect the onset of adverg}éengs an d'ts epen (.alncf ?r? tocl? tmz.(;l’ © Otﬁ' ersvg ATI?E:I
charging conditions and autonomously discharge the \}éme, ependence IS S|rr|1|| arto | ato sgLveh uring the ;
hicle prior to excessive charge build-up. mission [9] and is well corre ateq with t e mtensny ? am-
E‘Ent geosynchronous electrons with energies in the 10's of keV
ele

[I. MISSION DESCRIPTION

Thg CCsS g_utonomously. detects hazardous different ]. Indeed, Olsen [11] found that a threshold flux of charging
charging conditions and actively protects the host spacec .
; . . ctrons £ ~ 10 keV for ATS-6) was necessary to induce
against the subsequent charging effects. It is capable of gener-"". . X
4 ! . . charging—even in eclipse.
ating a Xe plasma in the spacecraft sheath within one minute o

detecting differential charging above preset threshold values. he_: occurrence qf sunlit frame charglng over a period of one
gar is shown in Fig. 3. The 5-day running average of daily

The plasma source was allowed to operate for up to one hdd . . . .
per day. However, the observational components of the C ,X|mum charg_lng level is domlnated_ by structures with pe-
including the ion and electron ESA's and the two SPM'’s welréOd corresponding to one sglar rotation. The 60—day running
operational at all Mission Local Times (MLT’s). average, on the o.th_er hand dlspla){s well-defined maxima at t_he
equinoxes and minima at the solstices. Both sets of features in-
dicate the dependence of spacecraft charging on geomagnetic
activity, as influenced by the sun. The 27-day periodic features,
An example of spacecraft charging and particle fluxes seseen in the 5-day average, reflect the influence of the high-speed
over a 24 hour period appears in Fig. 1. The data are for dsglar-wind streams on the magnetosphere. These streams are

I1l. OBSERVATIONS
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Fig. 1. DSCS lll surface charging and particle observations appear over a 24 hour period, beginning at midnight UT. See text for details.
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than 120 V.

Fig. 3. Average daily frame potentials during 1996 are averaged over 5 day
emitted from regions of coronal holes on the sun and produ@¥! 60 day periods, providing clear evidence of periodicity.
a fluctuating component of the interplanetary magnetic field,
which is highly favorable for inducing geomagnetic activity. We
note that 1996 was especially favorable for high speed streamsJwo sets of charging statistics were computed for the geo-
other years have a less pronounced 27 day signature. magnetic activity parameters Dst, ap, and PCI. The first set,
Since there is a strong correlation between geomagnetic designed to test for the presence or absence of direct correlation,
tivity and solar/seasonal effects, the periodic features in our dateamines the day-to-day similarities between frame charging
provide us with hints that a statistically significant correlatioand different types of geomagnetic activity. The second set is
can be found between spacecraft surface charging and geontgigned to seek threshold levels of geomagnetic activity above
netic activity. which frame charging would be expected.

IV. RESULTS
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Fig. 4. Spacecraft charging correlation with average Dst.
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Fig. 6. Spacecraft charging correlation with daily summed PCI.
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Fig. 7. Fraction of days that significant frame charging occurred as a function
of average Dst.

Fig. 5. Spacecraft charging correlation with daily summed ap.

is found to be 0.972. Also shown on the plot are the bars repre-

First, direct daily correlations between the levels of framgenting the standard deviation from the mean Dst. Note that the
chargingV; and geomagnetic activity were computed. Hereariance is quite large, the consequences of which will be dis-
severity of charging for each day was determined by the level@issed in the next section. The correlation of daily charging with
charging maintained by the spacecraft for a minimum amougb summed over each day appears in Fig. 5. Here, the correla-
of time. Charging levels were divided into four bins® > tion is even better, with a value &2 = 0.996 obtained from a
Ve > 120V, 120 > Vy > 240V, 240 > V; > 460 V, logarithmic fit of the data. Similar results are found for the cor-
andV; > 460 V. The minimum amount of time necessary forelation of daily charging level with PCI summed over each day
the spacecraft to have been considered charged at that levéFig. 6), resulting in ank?? of 0.999 associated with the loga-
60 minutes for all thresholds except for a 10 minute period foithmic fit. Again, the variances as shown by the deviation bars
the most extreme eventg{ > 460 V). Severity of ionospheric are quite large and will be discussed in the next section.
activity was determined by the 3-hour ap values and the hourlyThe second set of statistics examines the fraction of days that
PCI values; each set of values was summed over each day, DIBCS charges significantly, defined herelgs> 50 V for at
fined as 00:00 to 24:00 in UT. To represent severity of magneteast one hour continuously within the day, for a given level of
spheric activity, Dst is averaged over the “prime charging timgfeomagnetic activity. Levels of magnetospheric activity ranged
interval during which spacecraft charging is considered to fi®m a Dst of —10 down to—80 nT, where an increase in the
most prevalent, specifically between 00:30 and 06:30 MLT. Tmagnitude of the negative Dst signifies an increase inactivity.
simplify our analysis, only negative values of Dst (representirgjmilarly, values for daily summed ap and PCI ranged from 10
the main phase and recovery of a magnetic storm or substar200 and 5 to 60, respectively.
activity) and positive values of PCI (representing usual polar The percentage of days during which the spacecraft was
ionospheric convection) were considered. significantly charged was computed for threshold values of

Daily correlations of charging level versus geomagnetic abst averaged over prime charging time, daily summed ap, and
tivity for the three indices of interest appear in Figs. 4—6. Herdaily summed PCI. Results appear in Figs. 7-9 An exami-
the charging level is defined as the average frame charging lemation of Fig. 7 reveals a monotonically increasing charging
within the bin under consideration. Fig. 4 shows the correlatigmmobability with Dst magnitude until a peak of 80% is reached
for Dst, indicating a monotonic relationship between chargireg approximately—60 nT. However, for greater magnitudes
level and Dst averaged over the prime charging time. Whero& Dst, there is actually a slight decrease in the charging
logarithmic fit is performed on the data, the Pearson correlprobability with increasing activity—the spacecraft will only
tion coefficient @2) between the mean charging level and Dstharge 75% of days with an average Dst of greater magnitude
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g5 + 0.4
£s 0.3
3o * 0.2 shown in Fig. 10, further illustrates this point. It is evident that
¢ * 8" there is roughly a monotonic relationship between charging

o 10 20 30 4 50 & 70 electron count and spacecraft frame potential for the mid-range

Daily Summed PCI charging levels00 < V; < 500 V). However, the relationship

is not as straightforward at low frame potentials, where perhaps
Fig. 9. Fraction of days that significant frame charging occurred as afuncti(lc)(ﬁwer e_ner_gy electrons Contrl_bUte more _5|gn|f|cantly to t_he

of the daily sum of PCI. etermination of frame potential, and at high frame potential,

where it appears to saturate it = 10 V. This saturation

than 80 nT. The results for the ap threshold behave somewﬁﬁ?ct may be due to spacecraft potential control by the photo-

differently (Fig. 8). Again, the charging probability increaseg%cnons' Since the photoelectron population is significantly

d : . more numerous than the other particle populations, the fact
monotonically with summed ap up to a point (summed=ap . L
that any spacecraft charging occurs at all indicates that a large

ég?g}ebrlétagﬁ: I;X(:fecrrneealseizlzl'(itt:%/mvélézalang(;)eisggaa?/%'r\m%action of the photoelectrons is prevented from leaving the
9 sgacecraft. However, once a significantly large negative frame

that is indicative of a saturation effect. The PCI results behavotential develons. the photoelectrons may be repelled from the
more closely to the Dst results in that a peak in probability ads bS, b y P

function of activity is reached, beyond which the probability o?pacecraft into the ambient plasma. Thus, no frame charging

spacecraft charging actually decreases with increased acti\Pl ond some limiting negative voltage can develop regardless

. : . . L or'the incident electron flux.
(Fig. 9). Theories regarding this somewhat surprising behavior. _ .
. . . ... The second statistical method employed in our study exam-
during extreme levels of geomagnetic activity and ramifications " C .
: , . . Ined the probability of significant spacecraft charging when the
for nowcasting/forecasting systems will be presented in the . L7 .
. . géomagnetic activity was measured to be above a wide range
following section. .
of threshold values. Here, the objective was to seek a way to
specify minimum index values required for predicting the pres-
ence of significant charging and maximum values required to
Two separate approaches were used to investigate #msure absence of charging. Intuitively, we would expect that an
statistical relationship between DSCS Il frame charging arcrease in geomagnetic activity would produce a greater prob-
various forms of geomagnetic activity. The method of direatbility in significant spacecraft charging, and for low to mod-
daily correlations provides quantitative evidence that there ésate levels of geomagnetic activity, our results support this.
a significant & > 0.97) relationship between DSCS frameHowever, when extreme levels of geomagnetic activity are con-
charging level and geomagnetic activity. Greater amounts siflered, the probability saturates with increasing levels of ge-
geomagnetic activity produce higher frame charging levelsmagnetic activity. Similar results were found in a study that
a result that is consistent with the larger amount of chargimgmputed the probability of electrostatic discharge associated
electrons in the geosynchronous environment during periodih surface charging as a function of geomagnetic activity [13].
of intense geomagnetic activity [12]. The plot of the observethis saturation effect can be explained by the presence of un-

charging intensity as a function of charging electron flux, assual geophysical processes associated with the extreme events

V. DISCUSSION
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that result in extraordinary modification of the geosynchronotise daily summed positive PCI is greater than 40. In this sense,
environment. We consider the possibility of unusual modificat has been demonstrated that an activity threshold for a signifi-
tions in three particle populations that would result in negatiarant fraction of charging events can be determined.
of spacecraft charging: 1) a depletion of charging electrons, redn closing, we note that from the point of view of spacecraft
sulting in an electron environment that is below the threshotberators, a computed index that predicts charging probability
necessary for charging; 2) a large flux of low energy electrorend severity is of significant value, even if the predictions are
resulting in large amounts of secondary electrons which are abtatistical in nature. The next step is to investigate the possi-
to escape the spacecraft sheath, providing a positive sourcéitify of relating the charging probability to solar wind param-
current to neutralize the spacecraft; and 3) a large flux of iorsters (measured at L1) and other solar activities that could pro-
again providing a positive source of current for neutralizationide advance warning. We intend to continue our work with the
No comments may be made regarding the low energy electrdSCS Il CCS data to explore these issues.
since DSCS Ill does not have instrumentation necessary to mea-
sure these. However, we can look at the other two options. A
survey of the data reveals that during the seven most extreme
events (with a prime time Dst ranging from85 to —241 nT) This study provides the next progressive step in the devel-
when charging was not observed, five of these days had a sgment of a real-time forecasting/nowcasting system presently
nificant population of charging electrons and an excess of iolmsdemand by the space science, engineering, and operations
of densities up to two orders of magnitude over the backgrourmbmmunities. It has been shown that a solid correlation exists
For comparison, we note that the excess ions were observetétween levels of geomagnetic activity (represented by the in-
only three out of 28 extreme geomagnetic events accompaniices Dst, ap, and PCI) and levels of DSCS Il frame charging
by charging. An absence of charging electrons was obseniadyeosynchronous orbit. In addition, the probability that the
during only one extreme event absent of charging. spacecraft will significantly charge increases with geomagnetic
The conclusion is that during extreme levels of geomagnetctivity until extreme levels of activity are reached. During these
activity, there is a finite probability that geophysical processéisnes, unusual geophysical processes may result in an anoma-
will lead to enhanced fluxes of ions in the geosynchronous eously large population of ions in the geosynchronous environ-
vironment that could significantly mitigate spacecraft chargingent, providing a neutralizing source of positive current to the
events. An example of such a process may be the ion outflewacecraft. Suggestions for future work include a detailed inves-
of ionospheric sources that are most often associated wiidpation of the charging environment during extreme events, ex-
magnetic storms [14]. Since the magnetic storms are mdession of this survey to cover as much of a complete solar cycle
prevalent and severe during periods of solar maximum, vas possible, and investigation of a correlation between charging
could, in principle, test this theory by observing the behavi@vents and solar wind parameters as measured at L1.
of the charging probability versus activity level as a function
of position in the solar cycle. In addition, it has been shown
that some geomagnetic activity indices respond differently
to different types of solar wind (e.g., coronal mass ejections The authors wish to express their gratitude to M. S. Gussen-
versus high speed streams) [15], so perhaps a combinatimven for her insights and valuable contributions to the prepa-
of parameters would provide more information on how thetion of this manuscript.
geosynchronous environment responds to extreme levels of
activity—thus providing a more accurate specification of

charging probability. We suggest these topics would be of
interest for future work. [1] S.E. DeForest, “Spacecraft charging at synchronous othiGeophys.

| | ion f h f ch . . Res, vol. 77, p. 651, 1972.
An alternate explanation for the absence of ¢ arging durln9[2] C. F. Hoeber, E. A. Robertson, I. Katz, V. A. Davis, and D. B. Snyder,

periods of extreme geomagnetic activity is that differential ~ “Solar array augmented electrostatic discharge in GEO,17th In-
charging may create potential wells that prevent photoelectrons ~ ternational Communications Satellite Systems Conference and Exhibit

. . 1998, AIAA-98-1401.
from escaping the spacecraft sheath. A detailed model of thgs p 5’ caufiman, “lonization and attraction of neutral molecules to a

spacecraft and charging environment would be necessary to charged spacecraft,”, SAMSO TR-73-263, 1973.
investigate this possibility, and charging simulations may be[4] I- Katz, M. Mandell, G. Jongeward, and M. S. Gussenhoven, “The im-

lished with histicated ical del h portance of accurate secondary electron yields in modeling spacecraft
accomplisned with sophisticated numerical models, SUCN as  charging,”J. Geophys. Resvol. 91, no. A12, p. 13739, 1986.

NASCAP-2K. This is another topic for future study. [5] E. G. Mullen, M. S. Gussenhoven, D. A. Hardy, T. A. Aggson, B. G.

The large variances in the direct daily correlations make it~ Ledley, and E. Whipple, "SCATHA survey of high-level spacecraft
. . - . . .. charging in sunlight,’"J. Geophys. Resvol. 91, no. A2, p. 1474, Feb.
impractical to set specific thresholds in geomagnetic activity 1954

to definitively nowcast the presence or absence of spacecraffs] J. Freeman and A. Nagai, “1993, The magnetospheric specification and
charging. However, we can say that for the DSCS |l space- forecast model: Moving from real-time to prediction,”$olar-Terres-

. . . . trial Predictions—IV Proceedings of a Workshop at Ottawanada,
craft, if any of the following three conditions are true, there is May 18-22, 1992.
roughly a 75% chance that the spacecraft experienced signifi{7] I. Katz, V. A. Davis, M. Mandell, D. Cooke, R. Hilmer, and L. Habash
cant charging: 1) the average Dst (averaged over the time period Krause, “Forecas_tlng’ satellite charging: Combining space weather and

f 00:30-06:30 MLT) is negative and has a magnitude greater, spacecraft charging,, Jan. 2000, AIAA-2000-0369.

0 i .' gauv . gnitu g [8] M. G. Kivelson and C. T. Russellntroduction to Space Physic€am-
than 50 nT; 2) the daily summed ap is greater than 125, or 3)  bridge, 1995.
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