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4. Investigatiarl uf a CtS Solar Cell tesf 
Pbtth Under Simulsted Ommagnet i t  

Substorm Chatging Cenditians 

I '  

Absttact 

The CTS solar  a r r ay  technology experifneflt which consiiits of a solar cell test 
patch on the Kapton-substrate sblar  arl'ay ahd the appertalnirig electronics unit has 
been operating in geostatiodary orbit for nearly 1 year without any malfunction 
although it  is expected tb be strongly influenced by charging effects on the a r ray  
sdrface. 

The results of a past-launch test pro ram show that the experiment wau1.d not 
survive a discharge due to elkctrbstatit c % atlftng in the test patch preq. In a aim- 
ulated substorrri, envtrohmerlt discharges were obtatned only below a tempepature 
ttgreshbld of about 3OoC. With solar tllumttiation, this threshold is reduced belbw 
a e. 

Spacecraft ih geosyrlchronous orblt rind under magnettc substorm cohdtflons 
are known to be subject to dlffereritlal chatgtng of dtfferent material surfaces 
leadthg to htgh vaiues of electric s t ress  and a rc  discharges if !he threshold for 
electrtcai brbakdown Is surpassed. The htghest electrtc stress is expected on 
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Ltmilntlnff nintcrtnl surCnco;i whtch nro not 8un-lllumlnntod and thcrcforc rnnnot 
aqulllbrnfc at low putcntlnl.r by phobocmLiinion at' cloctronij, 

Jnnunry i!UG ha.;, n dun-orlontbd 2-wIng dulnr nrrny wing  n '55 mieroa thick hnpton- 
g1ns.r ftbrs-compound flexible substrntc. Thc insulntlng rcnrdidc of' tht* nrrny i.cl 

shaded poriiinnsntly and tke rdore  constitute$ n prtncipal .-)OUITC o f  dischnrgw. 
The CTS flexlblo m l n r  QPKIY i$ equippod with n s d n r  C h i 1  test pati.', which 

form:+ part of the solar  ar ray technology experiment provided by ESlEC. The 
test patLh and the appertaining electronics unit are espected t o  be *trct".gly iliflu- 
enced by discharges on the solar  ar ray surface. Therefore, a post-launch test 
program was !nitioted in order to study the behaviour of the solar  a r ray  electron- 
ics experiment under simulated substorm conditions. The tests described here 
were performed in the 2 . 5  m Space Simulation Chamber of DFVIdII in Porzwahn, 
Germany, in the first quarter of 1976. 

Tho C'oniniuntco!ton..r Technology Sntclllto, CTS, which hn;r bocn in orbit riincc 

.P. 

The data wh: .h a r e  presently available on differential c!harrin.: - ,. i arc  d.., 
charges a r e  not sulricient to predict the behaviour of tt 6 Y.''5 .IC?. ..: ar ray  experi- 
ment in a geomagnetic substorm lor two rea.:ons: 

results cannot be applied to more complex structures because there is too little 
knowledge on structural and size effects. 

a representative environment, a s  far as solar  simulation and temperature a r e  
concerned. 

(1) Most OF the investigations have been ;one on maierials level and the 

(2) The i r  -estigations on repr isentathe samples1 have not been perlormed in 

T h e n f o r e  a principal goal of the investigation w a s  to analyze the influence of 
simulated Labstorm olectpon plasmas on a representative solar  cell test patch 
under representative environmental condttions. 

Lh detaii, the test objectives were as follows: 
(1) Measurement of the electron beam induced leakage current through the 

substrate as  a function of electron energy, ambient temperature and solar  
Lllumittat ion. 

(2) Atialysis of the discharge pulse frequency and pulve shape at  the output of 
the solar  cell test patch ns a fiinction of temperature and solar  illumination. 

(3) Analysis of the AEE (array experiment electronics) performance in e s lm 
ulated substorm. 
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The butcbme of these hl~asureirients Would allbw for direct conclusions in c0rl- 
junction with adtrial flight dah: 

in&, then the AEE cauld be used as  a discharge indicator on CTS. Similarly, if 
a r c  dtschargss turh aut tb destroy the AEE, bne could detel'mine the time of the 
first substarm getierated dischafge pulse from the tinie of malfunetibn of the AEE. 

pulses,gnB &An h a W a Q r e  confidence in the reliability of the flight data. 

(1) If ch&rdcteristic anonialtbs occur at the AEE output during arc dtseharg- 

(2) It the solar a r ray  expepirtlent perfbrmance is not digtul'bed by dischark@ 

3. THE SUBSTORM SIHULA~lON FACILITY 

The large 2.5 m space simulation chaniber at DFVLR, Porzwahq Germany, 
was selected becau8e boandary effects from the wall chambers a r e  kepk to a min- 
imum, and because it offers the possibility to mount much larger  test samples in 
a future series of tests. 

mounted vertically by means of-teflbn wires. Illumination of the sample front side 
is provided by a sun simuktor of 1 solar  constant. The sample rearside can be 
ii-radiated homogeneously with electrons, the electron gun being mourited on the 
center flange of the chamber lid at the rearaide. Visual control is possi5le thrbugh 
a w h 8 o w  incline8 l S b  to the beam axis. 

A cross section through t'ie chamber is shown in Figure 1. The sample is 

I 
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Figwe 1. The Geohegnetlc Substorm Stmukitton Pactilty 
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Using the liquid rlitrogen cold shroud, the residual prcsslfre is below lo-' 

The electron energy Catl be continubusl-j. varied between 0 and 60 kV, The 
tal'r. Withbut cold shroud, the pressure is between lom4 and 

cuprent density at an electton beam diameter of 1 m2 in the test plane iS between 
1 and 100 nA/cm2. 

using a dete&toP.aith an array of r3ix equally sii32d.teceiveP plates. A beam uni- 
formity of f30 percent is achieved without special adjustments. 

tcirr. 

The uniformity df the electron beam intensity in the test plane cari be checked 

4. TEST SAIIPLE 

The test specimen considted of two parts: the solar cell test patch on a flex- 
ible panel-substrate and the AEE engineering unit. 

The layout of the test patch is shown in Figlire 2. Three solar  cells a r e  
arranged in parallel and 9 cells in ser ies .  On the right hand sideis a representa- 
tive part of the CTS solar a r ray  wiring. A t  the bottom two PT-temperature sensor 
are positioned beneath two dummy cells. 

The substrate congists of a compound of: 
25 pm kaptbn H film 
3 5  um glass fibre cloth 

5 pm polyester adhesive (Ddpont 46971) 
The solar cells are mounted on the glass fiber side with RTV 560. 
Typical I-V characteristics bf the test patch under 1 sblar constant illumina- 

tion and at various temperatures a r e  shown ih Figure 3. 
The A E E  h8s the functiori to monitbr the performance of the test patch in orbit. 

The parameters tb be monitored are: 
(1) the bpen Circuit voltage Voc, 
(2) the shbrt circuit current Isc, 
(3 )  current and voltage at four points of the I-V curve determined by resistors 

(4) temperatures at the test patch and at four other positlam of the panel. 
R1 - R4 (see FLgurt! 31, and 
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Figure 2. The CTS Solar Cell r e s t  Pstch 
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2 v at 0 !! (EhlI) 
10 - 20 V a t  20 <! 

100 - 266 V at 200 <! 

l’he transient ptilses were rccordcd using a 2048 channel bionintion trans ibnt 
I*’rorn this, the extrapolated peak voltagc nt 2 K!: would bc 1 - 2 kV.  

recorder with a 56 I! input impedance and a channel width o f  10 wscr.  

meordings a r e  shown in Figure 5. The initial portion o f  the signal is not displayed 
in full amplitude due to the voltage limitation of the  recovdcr to k 5  volts. 
be seen, the pulses consiSt of damped oscillations with n typical decay time of 

3-5 p e c  for a terminal resistor of 50 C? . 

Typical 

As ran 

I f:igre 5. Discharge Transient Pulsc (x-axis : 2 psec/div; y-axis : 1.25  V/div) 

The high Freqbency ( 3 MIlz) oscillations a r e  ronsidwed tu bc strongly influ- 
enced by thc extcrnnl circuitry and no dlrcct ronclusions r a n  be drawn which a r e  
applicable to in-orbit bchaviour. 



r 

The pulse decay ttnle, however, cah be correlated with the R C  time of the 
ctrcuit conslstihg mainly of the sblar cell c&pa&itance of about 7b nF and the term-  
inal r e s k t o r  bf 50 $2 and 2 kn , respebtively. With the 2 162 terminal resistor,  the 
peak voltage was  1000-2000 volt, From E, = 1 /2  CU , a pulse etlergy of abuut 
166 mJoule is calculated. 

patch output due tb pick-up.from the energy of the discharge pulse at the rearside 
of the test patch. The maximum energy of the primary discharge pulse can be 
calculated on the assumptioh that the test patch represents a plate capacitor nsg- 
atively charged over the whole rearside surface with respect to the solar  cells on 
the front side which are on grouhd potential. The total capacitance oE this plate 
capacitor is 

2 

It f iust  be kept in mind that pulses of thiB energy occur at the solar cell test 

C = F l d  * 4 nF . 
If the entire surface charge is discharged within one discharge pulse, thea the 

total discharge energy would be at m d i m u m  

Comparing ED with ES and bearing in mind that ISs is only a fraction of ED 
because only a fraction of the total energy is picked up by the solar cell mod&, 
the two energy figures indicate that, in fact, the charge accumulated over the 
whble rear surface is diseharged in one pulse. 

current density bf 60 nA/&m . From these figulres it can be ccncluded that the 
maximum charge deposited on the whale r ea r  surface of about 1bO cm2 a r C B  in 
between t f b  pulses in about 40 pA see which at 15 kV represents a maximum 
stored energy 

Thid is confirmed by the observed distharge rate of 8 pulses /mh at the beam 
2 

AS part of the charge is last by secondary emissiorr and condudtion, Et) has to 
be somewhat snialler than E,. 

During these tests the dischapges w e r e  monitored u s h g  the electron beam 
detectot a s  rec$lt+r dfitetina. The beam current density was kept between 20 and 
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e 100 d f c n i  Lbeharges on the test patch rearstbe c a s e d  a steep spike bn the  
bearn Current recording sufficient far event cbunting pdrposes. 

Regulat discharges at riormal rates (Section 5) were Observed ill the dark at 
robm temperature. After opening the solar simulator shutter and expouirig the 
!rant dide of the test patch tb one solar conbtant illumitiatlon the discharge aetitrity 
ceased within less than a minute, No discharges were observed under illumination 
for time periods of more than 20 mih and electron enePgies up to 20 keV. After 
turr'. u off the illbminltion, it took about 3 min until the discharges occurred 
again. 

temperature sensors r ises  to about 100°C With an initial slope of 40°C/min. Cool- 
down to ambient temperature after turh-off bf the simulator takes about 5 min w i t h -  
an initihl elope of 3o0c/niin. 

The different behavior at turn-on and turn-off indicates that the temperature 
of the test patch has a strong influence on the dischai $e frequency. An additional 
influence of the illumihation can, however, not be precluded. 

A more detailed bxaminatidn of the test patch shbwed that illuminatian of the 
front side causes also the rearside to be illuminated because light penetretes the 
gaps between solar cells into the substrate where it  is scattered by the light-pipe 
actibn of the glass fiber over the whole rear surfgee. Photoemissim from rear-  
side could therefbre prevent etcessitre Charging af the r ea r  surface. Another 
potential explanation would be photocohddction through the substrate, 

To further investigate the influence of illumination, the tests were repeated 
with the &ell gaps covered by a blackened Teflon mask inhibiting the penetration 
of light to the substrate. Figure 6 shows the discharge frequency befbre, during, 
and after s o h  illumination. The corresponding temperature profile is shown in 
the upper part. Thd same behavibr as in the test without mask was fouhd, that is, 
no discharge immediately after turn-bn and delayed reoccurrence of discharges 
after turn-off of illuminatibn. 

These results indicate that the test patch temperature tu mainly resporisible 
for the ceasing of discharge under illurriinatibn. 

To verify these results under representative cbndhiuns, the tests were re- 
peated at llguid nitrogen arhbtbnt temperatures. The results a r e  shbwn hi Figure 7. 
In the dark the temperature Ls below -15d°C. With 1 solar conltornt illumination 
the ;measured temperature r1dW to about 50%. THLs measured temperature, how- 
ever, ld  not tdentical to the solar Cell test patch temperature because the sensors 
a r e  located beneath twb dummy sakr cells at the edge of thk test patch, Therefore, 
thePe ts a tendency for  measuring the teniperature low due to the 'fin-effect' at the 
test patch edge. Thts could account for -5OC to -1OOC. On the other hand, there 

Undet illumination the temperature of the test patch as  measured wi th  the two 
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Figure 6. Discharge Rate During Illumlnltion TrBnsient (Without Cobling) 
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Pigllre 7. lbheharge Rate Cuving Illiiminatlori Transient (With LNZ Cooltrig) 
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is a tendenky to measur& the tcmpcrnture about 10°C too high bcrriuje the solar  
cells ut the module Were loaded nt niaximum p w e r  in rohtradt to the calli on top 
of the sensors wHtch wore in open circuit. 

A t  -lIiO°C the discharge frequency observed at 20 keV ahd a beam current 
1 dehsity OC 40 nA/cm w a s  15 min", After turn-on of illmiination the di9chargCs 

continue fbr about 2. 5 min. ?'his correspottds to a critical temperature of about 
-3d'C. After turn-off of illbninntion the discharges reoccur at a snmplc tempera- 
ture  of about + 15'C. 

This result, although qualitatively showing the expected delay for ceasing of 
discharge, is quantitatively in contradi&tion to the results thtaided without roolinr 
where the critical temperature for ceasing of discharge had been found to be be- 
tween 20°C and about 5OoC. It appears that in the presence of solar illumihation 
the critical temperature is reduced by about GO-70°C. 

This w a s  confirmed by anather' test, With the chamber walls again cooled 
down to liquid nitrogen temperatures, the solar simulator intehsity was reduced  
step-wise. A t  0.5 solar  constant s t i l l  no discharges were observed although the 
Sample temperature was down to - 1 O C .  A t  0.25 solar  constant regular discharges 
occurred again. The sainple temperature than was about -45OC. 

The leakage current to the solar  &ell module through the  substrate under elec- 
tron irradiatibn bf the rearside was measured by connecting the solar  cell module 
terminal leads in parallel to the input of ah electrometer. The meadurements were 
made at  room temperature at  a beam curredt density of 90 m A / C m  . The beam 
energy was increased in 2 keV steps up to 16 keV. The results obtained in the 
dark are shown in Table 1, giving ttie equilibrium current after decay of the d i s -  
placement current component. Between 1 add 5 keV positive current values were 
obtained indtcatlng a secondary emission cocPeiclent of mbre than 1. A t  higher 
vbltages the leakage current increases sdpralinearly which s h o ~ s  that the conduc - 
tivity increases with voltage!. 

Illumlnatlon has a cohsidertxble inflhenee on the leakage current, At  1 G  ktSV 
the Current in&reases fr6m - 2.25  pA to -5.8 jik after turn-on af the solar  stmula- 
tor. (The ce!l gaps were rtbt covered by a mesh during these measurements but 
still the light LdtCdsity at  the rearside is odly a small  fraction of 1. S.C. 1 These 
fesufts are qUalit&tively in agreement with the results Pecently obtained at Stanford 
Research Xnstltute, SHI on pure kaptoii samjS1Bs. A t  SRI ei conductivity increase 
of 10 was observed when illumlfiating kaptoii-lt-flim wtth 2.3 suns  of Xenon 
tllumtneitton. 

2 

2 
5 

r 

497 



Table 1. Cdtrent Through Sample versds B&wrl Voltage 

U -  d k V  
2 ktr 
(Maximum bel ctwa 3 kV) 
4 kV 
0 kV 
8 kV 
Id kV 
12 kV 
14 kV 
16 kV 

t25 ... +15 nA 
-36 nA 
-120 nA 
-260 rtA 
-560 nA 
-1,12 UA 
-2, 25 @A 

In liormal operzition the a r r ay  experiment elcrtronics unit (AEE) is used to 
monitor the I-V curve of the test patch at s id points and the array temperature at 
five ldcations an the solar  array. Details of the design, canstruction, add per-  
formanee of the AEE can be found in Ansorge ahd Pischel. 3 

The AEE telemetry sample sequente is shown in Table 2. 
For  the purpbse of the test, only the current and voltage sensing terminals of 

the AEE engineering unit and the wiring for two temperature sensrrs were con- 
nected t6 the test sample in the simulatibh chamber. The remaining input terminals 
were connected tb the check-out unit whlth also provided the power supply and the 
clot k signal. 

A print-out of AEE/t&t patch data is shown in Figure 8 indtc&ttni;f an open 
dircult voltage bf 4.75 vb!ts and a short c lr tui t  current of 263 mA with the test 
patch under 1 S. C. i l ludnatibn.  With the A&:E running conttduouslj+, the electrbn 
beam voltage was increased irl steps bf 1 kV starttdg at zero. 

Up to 17 kV no discharges and no ammalies of the AEE perfbrmance were 
observed. Slightly above 17 kV still no Gfschatges were obderved, either visually 
o r  *ith the detecting aritenna, but the AEE butput dhoHied loss of clock s f l c h r a n h -  
t h .  The AEE swttched to the next channel at randbm rate. 

In order to obtain dtscharges, the solar  sirittilathl was turfied off with the 
electrbn beam being kept at l? kV. After 25 dlscherges, t h e  soiar sthdlaiion was 
turned on agald and the elkctron beam was switched off. The AEE output at this 
stage I s  shown In Fiwre 9. The AEE samples only opeti circuit vo1:age vdlies and 
zero current Instead of the actual pairs of I / V  valWs on the curve. This ifidicates 
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Table 2. AEE Sample Sequence 

-1 
NO. 

1 

2 

3 

4 

5 

6 

1; 

8 

9 

10 

11 

12 

13 

14 

15 

16 

Nom6 
C hanhel A 

* 
vOC 

Is t 

v3 

13 

v2 

I1 

V1 

I1 

v4 

I4 

'ret 

T 1  

*2 

T3 

T4 

T5 

* 

2lattrr8 
Channel B 

T1 

T1 
T1 

Ti 

TL 

T1 

T1 

T1 

T1 

T1 

<lo0 m V  

400 mV 

<lo0 m V  

<lo0 m V  

<10b mV 

<lob  mV 

* Voc = open circuit voltage 
Is C = snort circuit current 

that the input transistor(s) which loadrs) the test patch aceording to the sample 
sequence has an open ctrcuit fatlure. 
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Figure 8. AEE Sample Saquenee before Discharge 
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Sovcrftl new phonambria haw bogh ab~ervod In thl8 sbrlsa of suhjtorm charg-  
ing k a t s  that may Ibad to ft bsttcr underatandtng of the In-fltght bchovior of the C T S  

solar array cxperlmcht. Motwaver, the test rcoults may be ~f general inlportnncc 
for other solar  arrays of atmilar dewtgn. 

occur at energies above 15 keV when the frontst& of the test patch i s  nu: dun- 
tlhmtxiated. Ai'ter turn-ori of solar simrtlatlon, the discharge freqUt?hCy decreases 
to zero within a short time. It could be shown that the test patch temperature i d  an 
important parametep for the dtstharge frequency. Above 3Oo-4OoC no dischar-ge..; 
a r e  obtained. Moreovef, the illurniriatton level on the front side was shown to have 
an itlfluence on the temperature limit below which discharges a r e  obtained. 

Finally it was shown that the expertments electronics will not survive d t s -  
charges in the test patch area. As the solar  a r ray  experiment is still operating 
in space, it can be cbncluded that up to now no severe discharges have occurred in 
the test patch area. The cohclrtsibn is made plausible by the  observed discharge 
frequency dependence on temperature and illumination. 

ccrnclusibhs to be drawn. Mare detailed data, however, a r e  needed For the design 
and the specificatioh of future s o h  arrays. There€ore i t  is planned to continue 
the tests as sood as pbssible and to obtairi quantitative results ih the Following 
areas: 

(1) Dependence of discharge energy, spectrum and frequency on the sample 
size. 

(2) Investigation of the temperature and illumination intensity dependence of 
charging/discharging phenomena, 

(3) Investigation of the behavior of new solar  a r ray  substrate materials (For 
example, carbon-dber-kaptan compbund) in a subs torm environment. 

B{sehar#bs dire to doctPbetnti6 chargtng of the solar  cell test patch renrgidr? 

The phenomendogical nature of the tests does not allow more quantitative 
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