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Introduction 

The p r ime  objective of Pro jec t  Pegasus i s  to measure ,  in  the 

vicinity of the ear th,  the meteoroid penetration T~-ey le i l c  jr irl alunlinum 

sheets  of thicknesses which approach those of space capsule walls. Plans 

for  the project  were  initiated a t  NASA in 1962 by the Office of Advanced 

Research  and Technology and the George C. Marshall  Space Flight Cen- 

t e r .  Throughout the project,  members  of the Langley Research Center 

supported the project  with experiments and advice. 

Knowledge of the abundance of penetrating meteoroids in the 

near -ear th  space i s  an indispensable requirement for  the designer of 

spacecraft .  F o r  him,the velocities,  directions,  and m a s s e s  of mete-  

oroids  a r e  of secondary in teres t  only; the question of how many mete-  

oroid punctures occur in a sheet of given a r e a ,  thickness, and mater ia l  

during a given period of t ime has  p r imary  significance, Pro jec t  Pegasus 

was initiated to answer that question. 

I ~ i r e c t o r ,  Research Pro jec ts  Laboratory, George C. Marshal l  Space 
Flight Center (NASA), Huntsville, Alabama 



In 1962, existing knowledge of meteoroid abundance in the vicinity 

of the ear th  was quite limited. Rocket and satellite measurements  had 
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provided some data for meteoroids between about 10 and 1 0 ' ~  g. At 

the other end of the spectrum, optical and r ada r  observations had fur-  

nished abundance data for meteoroids above about l ~ - ~ ~ .  The m a s s  

region between l ~ - ~ ~  and l o m 7  g was f r ee  from data points. This region, 

however, i s  most  important for the spacecraft  designer since i t  contains 

meteoroids which, because of their  s ize and abundance, a r e  of potential 

danger to spacecraft .  

An experiment to collect puncture data for meteoroids above 

about l o q 7  g would have to be designed in such a way that a maximum 

sensit ive a r e a ,  hopefully m o r e  than 100 square m e t e r s ,  could be ex- 
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posed. Rough calculations showed that a total a r e a  of about 200 m of 

a lightweight sensor  could be c a r r i e d  on a Saturn I-launched satell i te.  

During a useful lifetime of one year ,  50 to 100 meteoroid punctures 

through an aluminum sheet of about half a mil l imeter  thickness could 

be expected according to interpolated abundance data available a t  that 

t ime,  

Ea r ly  in 1963, a contract was le t  to the Fairchi ld Stratos  Cor-  

poration, l a t e r  re-named the Fairchild-Hiller Corporation, to develop 

a meteoroid-measuring satell i te a s  i l lustrated in Figure 1, It c a r r i e s  

sensor s  on both s ides  of i t s  wing-like s t ruc tures ;  the a r e a s  of the sensors ,  

and the thicknesses  and mater ia l s  of the target  sheets ,  a r e  l is ted in 

Table I. 

The satel l i te  was c a r r i e d  within the space available in  the boiler- 

plate model Apollo Service Module and Service Module Adapter. After  



the orbi t  had been established, Service Module and Command Module 

were  ejected; the Pegasus spacecraf t  remained attached to the Service 

Module Adapter, the Instrument Unit, and the depleted SIV stage (F igure  

2).  One minute a f te r  ejection, the wings were  deployed by combined 

spring and motor  action. 

Electronic System 

A schematic drawing of the six major  subsystems of the Pegasus 

electronic sys tem i s  shown in Figure 3.  These six subsystems a r e  the 

meteoroid detector subsystem; the attitude sensing subsystem';':the tem-  

pe ra tu re  subsystem; the data subsystem; the communications subsystem;'  

and the power subsystem. Power i s  derived from an a r r a y  of solar  cel ls  

which a r e  mounted on four panels oriented like the four s ides  of a te t ra -  

hedron. Each panel i s  capable of providing the full power needed by the 

sys tem a t  a peak voltage of 45 volts and a cur rent  of 2 .85 amps (Figure  

4). 

The data sys tem employs low speed circui ts  to control data flow, 

and to  digitize, process ,  and s tore  a l l  p r imary  data on meteoroid hi ts ,  

and some of the housekeeping data. Two telemetry links a r e  employed 

to t ransmi t  data to earth: the main telemetry channel, and the beacon 

channel (F igure  5).  The main channel t ransmi ts ,  upon ground command, 

a l l  data which have been s tored in the memory;  these a r e  the meteoroid 

puncture data, radiation data, attitude data, meteoroid sensor  tempera-  

tu res ,  and tempera tures  of four samples  of thermal  coating. Besides 

being s tored  in the memory and read-out.on commancl, these data a r e  

a l so  t ransmit ted in r ea l  t ime through the beacon telemeter ,  along with 

a set  of 90 yes-no type data on equipment status,  and 58 analog channels. 

The analog data f rcc! ; l e~ lcy  i-~otIlllata 1 / 5 !-ells :;uljcarrier oscil lator.  



The data contain informationonvoltages, currents ,  temperatures ,  and 

meteoroid hits,  in  addition to the measurements  which a r e  s tored in 

the memory.  The beacon signal i s  a lso used for acquisition and t rack-  

ing of the satellite. Figure 6 shows fur ther  details of the data t rans-  

mission system. F o r  al l  major  functions, the systems provide two 

redundant units which can be selected by ground command. The com- 

munications subsystem contains two beacons for  PAM and PCM t rans -  

mission and two command-operated FM t ransmi t te rs  for  the s tored 

PCM data. 

Temperature Subsvstem 

The tempera ture  subsystem comprises  three c l a s ses  of mea-  

surements:  tempera tures  of electronic components within the canis ter ;  

t empera tures  of the meteoroid sensor  panels;  and temperatures  of b u r  

selected samples  of thermal  coatings. Ear ly  in the thermal  analysis of 

the Pegasus design, i t  was realized that i t  would not be possible to main- 

ta in the tempera tures  inside the electronic canis ter  within design l imits  

by passive means alone, such a s  coatings, insulation l aye r s ,  and finishes. 

It was necessary  to apply an active louver system, controlled by tem- 

perature-sensi t ive bimetallic s t r ips .  The louvers face the top end of 

the empty SIV stage which, by virtue of i t s  s ize and a specially developed, 

highly reflective paint, maintains a fairly constant low temperature of 

about 2 6 5 0 ~ .  In this way, i t  is possible to maintain a temperature be- 
0 0 

tween 275 K and 330 K for the components within the canis ter  (Table 11). 

The des i red  tempera ture  range of the meteoroid sensor  panels was ob- 

tained by coating the panels with a chemical conversion layer  (Alodine, 

MTL3) which has  a ratio of solar  absorptance to inf rared  emittance of 

about 1 .0.  Figure 7 shows sample resu l t s  of temperature measurements  



on meteoroid sensor  panels 

Radiation Sensor 

Shortly af ter  Project  Pegasus had been initiated, studies a t  the 

Langley Research Center and a t  other places on the entrapment and sub- 

sequent re lease  of electrons in a dielectric which was exposed to a high 

dose of electron radiation pointed to a potentially ser ious problem in  

connection with the capacitor-type meteoroid sensors  on Pegasus.  The 

electronic discharges produced pulses which were  not unlike those pulses  

which were  generated by meteoroid punctures. Although an  electronic 

discr iminator  was designed and used to eliminate a l l  radiation-induced 

pulses  f rom the meteoroid puncture data channel, i t  st i l l  appeared de- 

s i rab le  to measure  the radiation dose onboard the Pegasus vehicle. The 

radiation sensor  consis ts  of a scintillator c rys ta l  with photomultiplier 

tube and data processing equipment which so r t s  out electrons between 

0. 5 and 11 MeV, and 2 and 11 ~ e v . 1  Careful evaluation of the radiation 

data and the meteoroid puncture data on the Pegasus flights did not reveal 

any potential fa lse  meteoroid counts because of electron radiation-in- 

duced pulses.  However, the radiation experiment in itself turned out to 

be a very  interesting and valuable study of the South Atlantic magnetic 

anomaly, which causes the Van Allen Belts to reach down to relatively 

low altitudes in this region. Figure 8 shows the radiation count during 

severa l  orbi ts  which pass  through the anomaly. Figure 9 gives a plot 

of the radiation intensity. The count r i s e s  f rom 100 p e r  second outside 

the anomaly to 1 o7 per  second within the anomaly. 

Attitude Determination 

It had been expected that the Pegasus satell i tes would a s sume  

a slow spinning and tumbling motion in space generated by slightly 

Ton Pegasus Ill, the lower energy threshold was 0. 1 MeV. 



unsymmetr ical  venting of unburned hydrogen through two radial  vent 

pipes. This motion i s  desirable  because i t  provides a variation of the 

satell i te orientation a s  a function of time. Knowledge of this motion i s  

essential  for an  analysis of the directionality of meteoroids in  space. 

The information necessary for the determination of satellite attitude i s  

provided by a set  of 12 ear th sensors ,  and a set  of 5 sun sensors ,  Each 

ear th  sensor  contains a l i t t le pile of thermo-elements,  and a germanium 

lens;  this sys tem responds to the inf rared  radiation from the earth.  One 

pa i r  of sensors  i s  mounted in  such a way that the sensors  face in op- 

posite directions; the 12 sensors  a r e  oriented along the twelve face 

normals  of a dodecahedron. A sensor  pa i r  produces no difference sig- 

nal  when both sensors  look a t  space. When one sensor  looks a t  the ear th,  

a difference signal i s  generated. By analyzing the outputs of the 6 sen- 

s o r  pa i r s ,  the direction of the satell i te-earth line can be established 

within a few degrees.  The direction of the satellite-sun line i s  obtained 

f r o m  5 sun sensors .  Each sun sensor  consists of an a r r a y  of s t r ip-  

shaped photocells and a sys tem of s l i ts  perpendicular to the cel l  s t r ips  

which a r e  masked in  a specific pattern.  This a r r a y  produces a digitized 

output f rom which the direction of the sun can be determined. When the 

direction of the ear th and the direction of the sun a r e  known, both with 

reference to a satell i te-fixed coordinate system, and when the location 

of the satell i te is known, the attitude of the satell i te can be derived. 

Pegasus  I began with a spin of about 10' sec- '  around i t s  longitudinal 

axis ,  which i s  a l so  i t s  axis of leas t  moment of inertia.  I ts  axis of 

la rges t  moment of iner t ia  i s  perpendicular to the wing plane. According 

to the laws of mechanics,  a f reely spinning body which encounters a 

mechanism of energy los s  will finally assume a rotation around i t s  axis  

of l a rges t  moment of inertia.  Pegasus satell i tes do lose energy because 



of eddy current  lo s ses  and subsequent heat dissipation in  the ear th 

magnetic field, and possibly a l so  because of flexing of the wings. In 

the course  of t ime,  their  spin axes will change f rom the longitudinal 

direction to the direction of the axis  of la rges t  moment of iner t ia .  

Pegasus  I underwent this change within a few days af ter  launch (Figure  

10). In Pegasus I1 and 111, the transit ion to a flat spin i s  much slower.  

The reason for  this slow transit ion i s  not yet known. 

Meteoroid Sensors  

When Projec t  Pegasus was initiated, a careful  study of existing 

meteoroid sensors  was made which resulted in the selection of a sensor  

developed a t  the NASA-Langley Research Center ,  This sensor  i s  basi-  

cally a charged capacitor with a thin dielectric,  a metal  foil on one side, 

and a sheet of aluminum on the other side. When a meteoroid per for -  

a t e s  the aluminum sheet  and the other two layers ,  a momentary short  

between the meta l  plates i s  produced by the plasma cloud generated in 

the high velocity impact. The discharge cur rent  burns off any conducting 

bridges between the two meta l  layers  and thus "heals" the capacitor a f te r  

each perforation. The discharge pulse serves  a s  a puncture indication. 

In i t s  final form,  a f te r  some fur ther  development, the sensor  consisted 

of a t r i laminate  mylar  dielectric,  with a vapor-deposited copper layer  

on one side, and an aluminum sheet of 0. 04, 0. 2,  o r  0.  4 m m  thickness 

on the other  side (F igure  11). A capacitor of this kind was attached to 

either side of a 2 .  5 c m  thick layer  of styrofoam. A Pegasus satell i te 

c a r r i e s  208 double-sided sensor  panels of this design, each of the 416 

sensor s  with an  a r e a  of about 50 x 100 cm. Table I shows the total 

s ensc r  a r e a s  for each of the three aluminum thicknesses.  The voltage 

a c r o s s  the capacitor i s  40 volts. A discharge pulse consists of a fast  

voltage drop f rom the 40-volt level,  and a relatively slow r i s e  during 



the recharging of the capacitor.  Both the fast  drop and the slow r i s e  of 

voltage a r e  used for hit indication, panel identification, and pulse ver i -  

fication, By careful adjustment and calibration of the electronic circui ts ,  

i t  was possible to discriminate between t rue  perforation pulses  and pulses 

caused by permanent shor ts ,  interference, radiation-induced charges,  

and other false  signals which might occur during flight. A diagram of 

the sensor  electronic system i s  shown in Figure 12. A schematic of a 

digital "hit word" i s  i l lustrated in Figure 13; the numbers designate 

number of Bits.  

Sensor Testing. 

Testing and calibrating of the meteoroid sensors  was difficult 

because none of the existing high-speed part ic le  ranges permitted the 

simulation of meteoroid velocities and part ic le  masses  a s  encountered 

in Pegasus flights. It i s  t rue  that some facilities provide velocities up 

to about 30 k m  sec- '  ; however, these ranges a r e  not yet sufficiently 

f r e e  f rom interferences and secondary part ic les  to permit  a t rue  s im-  

ulation of meteoroids in  space. Testing and calibrating of the sensor s ,  
- 1 

therefore,  had to be done with par t ic les  of 5 to 10 km sec velocity. 

These tes t s  indicated that the sensors  responded with clean pulses to 

a t  leas t  7570, and probably more ,  of the perforating hits,  Figure 14 

shows the percentage of recorded discharges a s  a function of the thresh- 

ole voltage irr the electronic discr iminator  circuit .  They a lso  revealed, 

however, that in a few percent of the simulated meteoroid hi ts ,  the sen- 

s o r s  were  left with permanent shorts .  In view of the very la rge  un- 

certainty factors  of two o r  three  o rde r s  of magnitude with which m e -  

teoroid abundance data were  afflicted a t  the t ime when Projec t  Pegasus 

was initiated, a possible e r r o r  of 25% appeared tolerable.  In total, 

severa l  hundred clean tes t  shots were  obtained which met  with a set  of 



stringent tes t  conditions. On the basis  of these tes t s ,  the sensor  panels 

were  accepted for  Pegasus flights. 

The 0.  2-mm and 0 . 4 - m m  sensors  on Pegasus I suffered m o r e  

los ses  f rom electr ic  shor ts ,  and f rom e r ra t i c  operation, than had been 

expected. The reasons  for these effects a r e  not known a t  this t ime. It 

i s  believed that severa l  causes worked together, among them the con- 

tinuous changes of temperature during the day and night cycles;  some 

spurious impuri t ies  which may have been left i n  o r  on the mylar  di- 

e lectr ic ;  the attracting force between the two metal  l aye r s  of the ca -  

paci tors ;  and, possibly, effects of rugged edges of meteoroid punctures. 

A s  soon a s  a sensor  i s  observed to  be shorted o r  e r r a t i c ,  i t  i s  switched 

off by ground command. Unfortunately, the l a rge  number of Pegasus 

sensor s  (416) did not permi t  an individual command switch-off capability 

for  each sensor .  Only sensor  groups consisting of two, six, o r  eight 

panels can be switched off by one command. 

The continuous process  of quality improvement during sensor  

manufacturing, together with some changes in tes t  procedures  and sen- 

s o r  wiring, resulted in better sensor  lifetimes on Pegasus I1 and 111. 

After manufacturing, each sensor  was subjected to a short  voltage pulse 

of 200 volts which "burned out" a l l  near-shorts .  Also, each sensor  was 

equipped with a fuse  which can be blown by. ground command af ter  the 

internal  resis tance of this par t icular  sensor  has  dropped below a cer tain 

value. By these precautions,  the n ~ m b e r  of intact sensors  could be kept 

much higher on Pegasus I1 and 111 than on Pegasus I. Table I11 shows the 

numbers  of operating sensors  on the three Pegasus satell i tes on the in- 

dicated dates.  



Meteoroid Puncture Data 

The three  Pegasus satell i tes were  launched f rom Cape Kennedy 

on February  16, May 25, and July 30, 1965. Ground operations a r e  con- 

centrated in  the Satcon Station a t  Cape Kennedy; data f rom the satell i tes 

a r e  received by severa l  stations around the world (Figure 15). The 

s tored  data which a r e  transmitted f rom the memory  upon ground com- 

mand a r e  received by stations under the control of the Goddard Space 

Flight Center.  All data a r e  reduced and analyzed a t  the Marshal l  Space 

Flight Center.  Meteoroid numbers  have been recorded a s  l isted in  

2 Table IV. The table a l so  shows puncture ra tes  p e r  m and day, and 

r a t e s  p e r  mL and year.  

The puncture r a t e s  measured  by Pegasus I1 and Pegasus I11 ag ree  

remarkably well. Pegasus I provided a somewhat lower r a t e  in the 0 .04-  

m m  sensors .  Possibly,  this difference i s  caused in par t  by the different 

spinning mode in connection with a directionality of the meteoroids,  In 

F igure  16, some of the puncture data a r e  plotted a s  a function of t ime. 

This figure a l so  shows the periods during which meteoroid showers 

occurred.  Although i t  appears  a s  i f  a correlation between counting ra te  

and shower activity existed, a m o r e  elaborate analysis of satell i te a t -  

titude must  be accomplished before a t rue  increase  in counting r a t e  can 

be established. 

The puncture ra tes  measured  by the Pegasus satell i tes a r e  shown 

in F igure  17, together with resul ts  f rom Explorers  16 and 23, and with 

theoret ical  resu l t s  obtained by F. Whipple in 1963 [l] . In this figure, 

the Pegasus  data points a r e  average numbers  between Pegasus I, 11, and 

III. The absc i s sa  in this diagram shows panel thickness in m m ,  regard-  

l e s s  of panel mater ial .  Explorers  16 and 23 ca r r i ed  p r e s s u r e  cans out 

of s tee l  and copper-beryllium. Their puncture ra tes  ag ree  well with 



those measured  by Pegasus,  r e fe r red  to the same thickness in  m m ,  

i r respec t ive  of the target  mater ial .  This resul t  i s  somewhat surprising; 

on the bas is  of existing theories ,  the puncture r a t e s  in  s teel  and beryl- 

l ium-copper would have been expected to be lower by about a factor of 

ten than the puncture r a t e  in aluminum of the same  thickness. Possibly,  

the difference in the design of the sensors  may account for p a r t  of this 

apparent discrepancy. Ground tes t s  a r e  presently in preparation to 

study the relative response of the two sensor  types. 

It i s  obvious that the puncture r a t e  for 0. 04-mm target  sheets 

is considerably lower than the theoretical estimate.  The measured  

r a t e  for  0. 2-mm A1 i s  c lose to the "best estimate" l ine,  and the 0. 4- 

m m  A1 ra t e  falls between the "best es t imate" and the "pessimist ic"  

l ines .  The e r r o r  margins  of the data points a r e  very  difficult to est i -  

m a t e  a t  the present'time. They have to include the statist ical  e r r o r ,  

the possibility of imperfect response of the sensors  a s  indicated in  

ground tes t s ,  e r r o r s  possibly caused in the data system, and e r r o r s  

f rom other sources.  It i s  believed that the data points have an  uncer-  

tainty of not m o r e  than about *30%, 

The correlat ion between meteoroid m a s s  and puncture capability 

i s  st i l l  poorly known. On the basis  of theoretical data presented in 
- 4 

Reference 1, i t  may be assumed that meteoroids of about 10 g and 
- 1 

30 k m  sec  velocity a r e  capable of penetrating 2 m m  of aluminum. 

F r o m  this m a s s  on upward, Whipple [l] reported abundance data de- 

r ived f rom optical and r ada r  measurements  which fall on the "best 

es t imate" l ine,  The 0. 4-mm data point measured  by Pegasus seems  

to favor the "pessimist ic"  l ine m o r e  than the "best  estimate" line. 

Quite obviously, the three  Pegasus data points do not pe rmi t  a reliable 

extrapolation to l a rge r  thicknesses and higher meteoroid m a s s e s .  



Measurements  with thicker target  sheets would bt: veryr desirable.  

Unfortunately, expected perforation r a t e s  t h ~ i u g h  thicker panels a r e  

quite low, Based on the data obtained by Pegasus satel l i tes  in  con- 

junction with Whipple's theoretical es t imates ,  a Pegasus-s ize  sensor  

with a l - m m  A1 sheet may be expected to be perforated about 10 to 40 

t imes  p e r  year ;  a sensor  with a 2-mm A1 sheet only 1 to 3 t imes  p e r  

year .  L a r g e r  sensor  a r e a s ,  o r  multiple flights, would be desirable  

f o r  these experiments.  

REFERENCE 

1. F. L. Whipple, "On Meteoroids and Penetration, I' Smithsonian 
Astrophysical and Harvard  College Observatories,  Cambridge 38,  
M a s s . ,  1963, 



TABLE I 

METEOROID SENSOR AREAS 

TOTAL AREA 

2 
8 m 

2 
16 m 

2 
176 m 

THICKNESS 

0 . 0 4  mm 

0 . 2  mm 

0 . 4  mm 

MATERIAL 

A1 1100 

A1 2024 

A1 2024 



TABLE I1 

RANGES O F  PEGASUS TEMPERATURES 

P e g .  K)  

Actual Range 

Radiation Detector 

Electronic Components 

Solar Panels 

Meteoroid Sensors 

I I I I 



TABLE I11 

NUMBERS O F  OPERATING SENSORS 
ON PEGASUS SATELLITES 

A1 Thickness  

Pegasus I1 (Sept. 2 ,  1965) 

P e g a s u s  I11 (Oct. 8 ,  1965) 16 10 306 



TABLE IV 

PEGASUS METEOROID DATA 
(On the Dates Indicated) 

'operating t imes  of these  s e n s o r s  were  too shor t  
to yield meaningful data. 

Thickness 

Pegasus  

Date 

Total  No. 
of Hits 

Punctures  
p e r  m2 Day 

Punc tures  
2 

p e r  m Year 

0.04 m m  

I I1 111 

915 912 1018 

125 12 1 7 1 

0. 12 0. 19 0. 16 

44  70 58 

0 .2  m m  

I I1 111 

t 912 1018 

- 18 14 

- 0.015 0.014 

- 5 .5  5 . 1  

* 

0 .4  rnm 

I I1 I11 

t 912 1018 

- 58 4 1 

- 0.004 0.004 

- 1.45 1 .45  



FIG. 1 - METEOROID-MEASURING S A T E L L I T E  
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DATA AND TELEMETRY SYSTEMS 
(Simplif iedl  

. ONBOARD 
' COUIMANQ 

I 
RECEIVER 

METEOROID HITS b 

RADIATION 

ATT llTUDE 

SENSOR TEMP. 

THERMAL COATINGS 

90 CHANNELS, 

B I - STABLE 

EBUl PMENT 

STATUS 

58 CHANNELS, 

1461AL08, 

METEOROID DATA 

VOLTS, AMP 

TEUPLIATURES 

FIG. 5 - DATA AND TELEMETRY SYSTEMS (SIMPLIFIED) 
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