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ABSTRACT 

Instruments aboard t h e  Relay I satel l i te  have measured t h e  in- 

t e n s i t i e s  of geomagnetically trapped electrons with energies grea te r  

than 0.45 Mev and of protons i n  four  energy ranges between one and 60 

MeV over the  region between 1.2 and 2.3 e a r t h  r a d i i  during the  year 

1963. 

t o  decrease monotonically from a maximum in t ens i ty  of about 0.7 X 10 

at 1.3 e a r t h  r a d i i  down t o  lo5 sec em s t e r  a t  2.3 e a r t h  r ad i i .  

The pr inc ipa l  maximum i n  the  proton i n t e n s i t i e s  w a s  found t o  occur on 

cons is ten t ly  higher l i n e s  of force and with increasing i n t e n s i t i e s  

toward lower energies such t h a t  a maximum in t ens i ty  of about 3 X 10 

-1 -2 -1 protons ( E  > 1.1 MeV) see em s t e r  occur at  about 2.3 ea r th  

radii compared with the  maximum of 1.95 X 10 

MeV) see em s t e r  at  1 .5  ea r th  r ad i i .  A la rge  decrease i n  the  

proton i n t e n s i t i e s  at  L values g rea t e r  than 2.2 earth radii occurred 

during the  magnetic storm of September 22-23, 1963. 

The equator ia l  i n t e n s i t y  of e lectrons ( E  > 0.45 MeV) w a s  found 
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PART I 

DESCRIPTION OF EXPERIMENTAL TECHNIQUES 

Introduction 

A set of four  p a r t i c l e  rad ia t ion  de tec tors  w a s  designed and 
constructed at  the  S t a t e  University of Iowa (R. W. F i l l i u s ,  1963; 
D. C. Enemark, 1962) f o r  f l i g h t  aboard the  Relay s a t e l l i t e .  A s  w a s  
o r ig ina l ly  planned, t h e  reduction and analysis  of t h e  da ta  r e su l t i ng  
from the successful  launchings of t he  Relay I and Relay I1 s a t e l l i t e s  
i s  now being performed a t  t h e  University of Cal i fornia  a t  San Diego. 
The present paper i s  based upon a p a r t i a l  analysis  of t h e  da ta  ob- 
ta ined  by Relay I during i t s  f irst  year i n  o rb i t .  

The Relay I satel l i te  w a s  launched on December 13, 1962 i n t o  
an o r b i t  with an apogee of 2.07 e a r t h  r a d i i ,  a perigee of 1.21 e a r t h  
r a d i i  and an inc l ina t ion  of 47.5 degrees. The precession of t he  o r b i t  
i s  such t h a t  t he  complete s p a t i a l  d i s t r i b u t i o n  of trapped p a r t i c l e s  i n  
t h e  region 1.15 < R < 2.2 e a r t h  r a d i i  and h < 60 degrees (magnetic 
coordinates) can be obtained within a period of 140 days. 

Radiation Detection System 

The i d e n t i f i c a t i o n  of p a r t i c l e s  as protons o r  e lec t rons  and the  
determination of t h e i r  k ine t i c  energy i s  accomplished by judicious 
choices of sensor ( s i z e  and type) ,  de tec tor  shielding, and by proper 
choice of t h e  e l ec t ron ic  discr iminat ion leve ls .  

All t he  de tec tors  produce a quant i ty  of charge r e l a t ed  t o  t h e  
energy l o s t  by the  incident  p a r t i c l e  i n  the  sensor. Two of the  sen- 
sors a re  of t h e  s o l i d  s t a t e  type and two are s c i n t i l l a t i o n  c rys t a l s  
mounted on photomultiplier tubes. I n  t h e  s o l i d  s t a t e  detectors ,  de- 
signated here as B and C, t h e  charge produced a t  the  output is  
l i n e a r l y  r e l a t ed  t o  t h e  energy l o s t  by the  p a r t i c l e  i n  t h e  sensor. The 
ampl i f ie r  output of t h e  s c i n t i l l a t i o n  de tec tors  here designated as A 
and D, is  a l s o  r e l a t ed  t o  t h e  p a r t i c l e  energy l o s t  i n  t he  sensor but 
not always 1 i ne a r l y  . 

To avoid d i f f i c u l t i e s  due t o  va r i a t ions  i n  t h e  capacitance a t  
the  sensor output, t h e  input amplif ier  w a s  designed t o  respond t o  t h e  
charge generated by the  sensors r a the r  than the  voltage. A t  t h e  
output of these amplif iers  i s  present a voltage pulse r e l a t ed  t o  the  
energy of t h e  incident  p a r t i c l e s  can be both measured and calculated,  



the  energy spectrum 
analys is. 

analysis  i s  reduced t o  a voltage pulse height 

Other e lec t ronic  blocks common t o  each detector  are:  a delay 
l i n e  inter-s tage network t o  c l i p  the  pulses t o  a length of a .25 psec, 
a voltage post amplif ier  and voltage amplitude discriminators.  The 
amplitude discriminators form the  input c i r c u i t s  t o  pulse height 
analyzers f o r  each detector.  Since analyzers f o r  each detector  a r e  
somewhat d i f f e r e n t  they w i l l  be described individually.  
of Detector A and the B-C-D detector  complex a r e  shown i n  Figures 1 
and 2. 

, 
Photographs 

Figure 1. Photograph of the Relay I omnidirectional detector A. 
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Figure 2. Photograph of  t h e  Relay I B-C-D d i r e c t i o n a l  detector  complex. 

The B, C, and D detectors  are d i r ec t iona l ly  sens i t i ve  with 
the  consequent need f o r  t h e  knowledge of magnetic f i e l d  o r i en ta t ion  
for accurate i n t e n s i t y  measurements. 
d i r ec t iona l  de t ec to r  whose response i s  independent of the  f i e l d  
o r i en t  a t  ion. 

Detector A however i s  an omni- 

The systems design i s  governed by the  dynamics of trapped 
p a r t i c l e s  i n  t h e  e a r t h ' s  magnetic f i e l d .  
s t ra ined  t o  t ravel  i n  approximately h e l i c a l  paths about t he  l i n e s  of 

The p a r t i c l e s  are con- 
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force.  
t he  f i e ld  l i n e  var ies  with the  magnitude of t he  magnetic f i e l d  B along 
t h e  f i e l d  l i g e  according t o  the  equation s in2  CY= B / h  r e fe r s  t o  the  
point  CY = 90 . The a n w l a r  d i s t r ibu t ion  about t he  f i e l d  l i n e  i s  
almost always such t h a t  t h e  peak i n t e n s i t y  occurs i n  t h e  plane perpen- 
d i cu la r  t o  the  f i e l d  l i ne .  
point  gan be obtained by obtaining t h e  dependence of t h e  i n t e n s i t y  at  
CY = 90 upon 
dependence upon B, i n t o  the  CY dependence a t  t h e  desired value of B. 

The angle CY which t h e  p a r t i c l e  ve loc i ty  makes with respect t o  

The complete angular d i s t r ibu t ion  a t  any 

and using t h e  equation s i n  CY= B/&l t o  transform t h i s  

Since t h e  peak in t ens i ty  occurs normal t o  t h e  magnetic f i e l d  
l i n e s  it i s  only necessary t o  determine when t h e  f i e l d  component along 
t h e  de tec tor  axis i s  zero and arrange t o  tu rn  on t h e  de tec tors  f o r  an 
in t e rva l  during which the  rate i s  r e l a t i v e l y  constant. Previous 
measurements a t  920 km have shown the  angular d i s t r ibu t ion  t o  be sym- 
metr ical  about t h e  normal plane and t h e  i n t e n s i t y  t o  vary l e s s  than 
10% over 10' on e i t h e r  s ide of t h e  peak. 
var ia t ion  i s  expected t o  be even l e s s .  From t h i s  then it i s  seen t h a t  
i f  t he  de tec tor  a re  turned on about lO'ahead of t h e  zero crossing of 
t he  f i e l d  and turned off about 10' a f t e r  zero crossing, a good mea- 
sure of t he  peak in t ens i ty  can be made. 

A t  Relay I a l t i t u d e s  the  

Relay I spins  a t  approximately 2.7 rev/sec i n  a known sense. 
The de tec tor  gat ing w a s  achieved by placing an AC coupled f l u x  gate  
magnetometer about 13' ahead of t he  de t ec to r  ax i s  i n  rotat ion.  
zero AC f i e l d  crossing along the  magnetometer axis ,  a t u r n  on s igna l  
i s  generated which allows t h e  de tec tors  t o  accumulate counts f o r  t he  
f ixed i n t e r v a l  of exact ly  24 s a t e l l i t e  clock pulses, after which the  
detectors  a re  gated off. 
see t h e  on time i s  0.021 see or about 19' of revolution. 

A t  

With the  s a t e l l i t e  clock r a t e  of 1152 pulse/ 

When the  spin ax i s  of t he  s a t e l l i t e  happens t o  be aligned 
with the  f i e l d  l i n e  and the  detectors  a re  always i n  the  normal plane 
and no AC f i e l d  va r i a t ion  i s  seen by the  magnetometer. Whenever the  
AC f i e l d  va r i a t ion  remains l e s s  than zkmilligauss f o r  one second, a 
f r e e  running mult ivibrator  (a t  t h e  nominal sp in  r a t e )  is  s t a r t e d  t o -  
operate t h e  magnetometer gating c i r c u i t r y  and an iden t i f i ca t ion  b i t  i s  
t ransmit ted t o  indicate  t h a t  it i s  i n  t h e  spec ia l  mode. The condi- 
t i ons  necessary for t h i s  spec ia l  mode have been m e t  i n  f l i g h t  but is  a 
rare occurence. 

I n  addi t ion t o  the  magnetometer ga t ing  scheme a l a rge  amount 
of sub-commutation i s  needed f o r  t he  rad ia t ion  experiments because 
only seven accumulators a re  avai lable  for a l l  t h e  outputs. Whenever 
possible  all of t h e  outputs of a p a r t i c u l a r  de tec tor  are examined a t  
once t o  allow a d i r e c t  measure of the  p a r t i c l e  i n t e n s i t y  i n  each 
energy increment during the  same time in te rva l .  The accumulators and 
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data  conditioning system a r e  both i n  the  encoder and a r e  not a n  inte-  
g r a l  par t  of t h e  rad ia t ion  experiment. It can be seen from t h e  over- 
a l l  block diagram (f igure 3) t h a t  the  basic clock frequency (1152 cps) 
of the  encoder and a subcommutator advance s igna l  a re  provided by the  
encoder. 

+-!-I- , D ~ T ,  t.~.c] DET. B 
ANALYZER 

:! 1 f SUBCOMMUTATOR 

V 

I DET.C ! c 3  I =I .- 

D 4  m -  I 

F4 I 
F 3  
F2 

BTL DET. I F 1  
E 3  

E l  

> TO ACCUMULATOR 

I L - 
h v 1 IDEN:FiYTION 

- 
r 0 

O V E R A L L  BLOCK D I A G R A M  

I L I 

4 

Figure 3.  Overall  block diagram of t h e  r ad ia t ion  detector  system including the Be l l  Telephone Laboratories 
detectors  E and F. 
timing s ignals .  

The sa te l l i t e  clock and subcommutator advance from the encoder serve as t h e  input 

The clock s igna l  i s  gated on (not shown e x p l i c i t l y  i n  Figure 3) a t  the  
same time the  de tec tor  outputs are sampled and fed t o  an accumulator 
i n  the encoder t o  provide a d i r e c t  measure of de tec tor  l i v e  time. 
Detectors E and F shown which are channeled through the  same gat ing 
system a r e  from a separate experiment performed by B e l l  Telephone 
Laboratories. They w i l l  not be discussed here. 

The subcommutator advance s igna l  from the  encoder has a 
period of twelve seconds, two seconds i n  one s t a t e  and t e n  seconds 
i n  the  other.  I n  t h e  t e n  second state the accumulators are free 
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t o  r e g i s t e r  counts each time t h e  de tec tor  outputs a re  gated on by the  
magnetometer signal;  i n  t h e  two second p a r t  t he  accumulators a re  read 
out. Signal  M is  t h e  gate  f r o m t h e  magnetometer c i rcu i t ry .  It is  i n  
one state f o r  24 clock pulses (about 0.021 see)  and i n  i ts  complement 
state M for t h e  rest of t h e  period (about 0.179 see)  when it is  used 
f o r  a background measurement on B3, C3, D3, B4, C4, and D 4  each a t  
d i f f e ren t  subcomutator cycles. The term "background" i s  used t o  
designate t h e  counts accumulated when the  de tec tors  a re  not looking a t  
the  peak in tens i ty .  

It should be noted t h a t  with the  exception of detec tor  A, a l l  
de tec tor  analyzer outputs a re  fed  t o  t h e  sub-commutator where they a re  
switched t o  t h e  accumulators one de tec tor  at  a time. These accumula- 
t o r s  a re  read out once a second while counting for t e n  seconds, then 
inhibi ted and read out twice, then r e se t  f o r  t h e  next detector .  By 
re jec t ing  the  da t a  i n  which t h e  two f i n a l  readouts do not agree, t h e  
probabi l i ty  of an erroneous reading produced by transmission noise i s  
reduced t o  a very small value ( i n  pract ice ,  very few e r ro r s  i n  over 
lo5 readings have been discovered). 
connected through i t s  d r ive r  t o  an accumulator which i s  read out every 
second but i s  never rese t .  Accumulator overflow i s  detected during 
da ta  reduction. The remaining l i n e s  shown a re  information s igna l  f o r  
transmission; viz. ,  

Detector A i s  permanently 

1. Two iden t i f i ca t ion  b i t s  t o  ind ica te  subcomutator 
pos i t  ion. 

2. One iden t i f i ca t ion  b i t  f o r  magnetometer gat ing c i r c u i t  
mode. 

3. One analog channel, sampled once a second, which t i m e  
shares on an equal basis between the  s ine  wave output 
of t h e  magnetometer and on an iden t i f i ca t ion  b i t  t o  
ind ica te  which of t h e  a l t e r n a t e  outputs of t h e  analyzers 
is  i n  use. 

4. Two iden t i f i ca t ion  b i t s  from the  Bel l  Telephone 
La%oratories experiment. 

The measurements of t h e  magnetometer s igna l  can be compared 
with the  computed magnetic vector  t o  der ive t h e  or ien ta t ion  of t he  
s a t e l l i t e  spin vector. Shor t ly  a f t e r  t he  launch of Relay I, the  spin 
vector w a s  ascer ta ined i n  t h i s  manner t o  be within 4"of a decl inat ion 
equal t o  -69" and a r igh t  ascension of l25"on t h e  c e l e s t i a l  sphere. 
The magnetometer s igna l  can a l so  be analyzed t o  measure hydromagnetic 
waves with periods be t  een 2 and 8 minutes provided t h e i r  amplitude i s  
g rea t e r  than lOOY (lo-' gauss). 

6 



I n  the  de t a i l ed  discussion of the de tec tor  parameters which 
follows, it w i l l  be convenient t o  consider them i n  t he  order of 
increasing complexity associated with t h e i r  energy analyzing system. 

Detector A Character is t ics  

Detector A i s  primarily an omnidirectional 35 t o  300 MeV pro- 
ton de tec tor  but with some s e n s i t i v i t y  t o  high energy electrons.  
sensor i s  a 0.932 cm diameter sphere of National Radiac S in t i l on  
p l a s t i c  s c i n t i l l a t o r  op t i ca l ly  coupled t o  the  phototube through a 
conical l i g h t  pipe. (see Figure 4) .  

The 

r FIBERGLASS INSULATOR 

Pt 

IOR DOME 0.576 g/cm2Al 

DOME 0.727 g/cm2AI 

Figure 4. Detector A s c i n t i l l a t o r  mount and shielding. 
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The sphere is a t  the  center  of t h e  two concentric hemispherical alumi- 
num domes wi th  s u f f i c i e n t  separat ion so  t h a t  p a r t i c l e s  enter ing from 
d i f f e ren t  forward d i rec t ions  w i l l  see t h e  same amount of shielding; 
viz,  
energy l e s s  than 34 Mev and electrons less than 2.7 MeV. 
tor protrudes about 2 cm from t h e  surface of t h e  s a t e l l i t e  so  t h a t  
t he  en%ire forward hemisphere is unobstructed by fu r the r  shielding. 
Analysis has shown t h a t  since the  angular d i s t r i b u t i o n  of t h e  trapped 
rad ia t ion  i s  cy l ind r i ca l ly  symmetrical, t h e  number of p a r t i c l e s  
enter ing t h i s  f ron t  hemisphere i s  independent of t h e  de tec tor  orien- 
t a t  ion. 

1.30 g/cm2 . This shielding thickness s tops a l l  protons of 
The detec- 

One amplitude discriminator i s  placed at  the  amplif ier  output 
with pulse height s e t t i n g  corresponding t o  the  i n t e g r a l  energy spec- 
trum end point  of C o h  . 
s e t t i n g  represents  an energy l o s s  i n  the  c r y s t a l  of approximately 1.0 
MeV s ince t h e  most important proton physical process a t  t h i s  energy i s  
Compton sca t te r ing .  Consequently, t h e  de tec tor  proton and e lec t ron  
thresholds are 34 MeV and 3.7 MeV. 
t h a t  t he  shielding thickness i s  t h e  dominant parameter f o r  s e t t i n g  the  
energy threshold.  For t he  e lec t ron  threshold t h e  e lec t ronic  discrimi- 
nator  l e v e l  must be known accurately also.  

For t he  s c i n t i l l a t o r ' s  s i z e  and type t h i s  

I n  t h e  proton case it i s  evident 

An experimental measurement of t h e  proton energy threshold 
w a s  performed on t h e  University of Minnesota l i n e a r  acce lera tor  and 
w a s  found to be 34 MeV to an accuracy b e t t e r  than 3$. 
ciency i s  reached a t  35 Mev. Direct e lec t ron  threshold measurements 
could not be performed because of t h e  l ack  of a monoenergetic high 
energy e lec t ron  source. 

F u l l  e f f i -  

Detector D Character is t ics  

Detector D i s  primarily a d i r ec t iona l  e lec t ron  de tec tor  with 
some s e n s i t i v i t y  to protons. The sensor i s  a cyl inder  of National 
Radiac Sc in t i l on  0.254 cm diameter and 0.254 em i n  height. It i s  
op t i ca l ly  coupled to t h e  phototube through a g lass  d i sc  (see F igure-5)  
to provide an addi t iona l  0.81 g/cm2 of shielding i n  t h e  backward 
direct ion.  
f r o m t h e  forward d i r ec t ion  except f o r  a c i r c u l a r  entrance area of 
0.37 X 
ward d i rec t ion  must penetrate 0.048 g/cm2 of a l u m i m u m  f o i l  a f t e r  pass- 
ing through a 27' conical acceptance aperture.  From t h e  parameters 
of shielding and entrance a rea  - solid-angle product alone t h e  geo- 
metric fac tors ,  G, a r e  l i s t e d .  

A minimum of 1.07 g/cm2 of platinum shie lds  the  c r y s t a l  

em2 . Par t i c l e s  enter ing t h e  s c i n t i l l a t o r  from t h e  for -  



I 
... 

~ 0 . 5 1  g/cm2AI 

PHOTOTUBE 

GLASS DISC 
SClNTlLL 

iDL 

MAGNETIC SHIELDING 

- 
Figure 5. Detector D s c i n t i l l a t o r  mount, shielding and aperture .  

G Electrons Protons 

2.38 X10-3 em2 -ster 

8.80 X10-3 em2 -ster 

Several  fea tures  of t h e  above l i s t  should be explained. The t r a n s i -  
t i o n  between the  two values f o r  geometric f a c t o r  occurs when t h e  
range of incident p a r t i c l e s  exceed the  1.07 g/cm2 of platinum. For 
p a r t i c l e s  grea te r  than t h i s  range the  sens i t ive  entrance area expands 
t o  the  f u l l  diameter of the  cy l indr ica l  s c i n t i l l a t o r .  Fortunately, 
both e lec t ron  and protons i n t e n s i t i e s  f a l l  rapidly with increasing 

0.20 t o  3.0 MeV 5.0 t o  20 MeV 

grea te r  than 3,O MeV grea te r  than 20 Mev 
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energy i n  t h e  trapped radiat ion allowing t h e  use of G = 2.38 X 10-3 
cm2 -ster alone t o  a high degree of accuracy. 

Four amplitude discriminators a r e  placed a t  t h e  amplif ier  
output, each providing a point on an i n t e g r a l  pulse height spectrum 
of t h e  detected p a r t i c l e s .  
t h e  geometric f a c t o r  it is  seen t h a t  t o  high accuracy t h e  shielding 
serves t o  s o l e l y  determine a lower energy cutoff f o r  e lectrons and 
protons. 
s e t t i n g s  w i l l  j u s t  add t o  t h i s  low energy cutoff t o  provide i n t e g r a l  
energy output channels labe l led  D1, D2,D3, and D4. 

I n  view of t h e  previous discussion about 

The energy equivalent of the  e lec t ronic  discrimination l e v e l  

_- - . . _ _  . .  
Energy l o s s  -- 

required Electrons Efficiency -~ Protons ~ Efficiency _ _  ~ -- 

D 1  1 3  > 0.30 MeV -7 > 5.1 MeV 1.0 
D2 .28 > 0.45 Mev .6 > 5.1 MeV 1.0 
D3 43 > 0.62 MeV 45 > 5.2 Mev 1.0 
D4 .64 ~~ 

~~ __ - > 5.2 Me? ~ > 0.82 -. Mev ... -13 ~. - 1.0 

When the  counting r a t e  due t o  protons i s  important, t h e  differences i n  
t h e  e f f i c i e n c i e s  f o r  protons and electrons i n  the  d i f f e r e n t  channels 
can be used t o  separately determine t h e  e lec t ron  and proton fluxes.  

The discrimination l e v e l s  can be reproducibly s e t  with a 
laboratory Srgo e lec t ron  source by noting the  number of counts a t  
each output and the  count r a t i o s  of neighboring leve ls .  
b ra t ion  of t h e  energy thresholds and e f f i c i e n c i e s  were obtained using 
the  Bel l  Telephone Laboratories 1 Mev accelerator .  
eff ic iency vs. energy shown i n  Figure 6 serves t o  i l l u s t r a t e  t h e  
manner i n  which t h e  s t a t e d  i n t e g r a l  energy l e v e l s  were chosen. 
Further ca l ibra t ions  w e r e  made with a f i s s i o n  beta spectrum a t  Los 
Alamos with t h e  following r e s u l t s  f o r  t h e  product, t h e  eff ic iency 
( C  ), and geometric fac tor .  

Basic c a l i -  

A graph of t h e  

Channel 

D 1  
D 2  
D3 
D4 

2 1.46 X cm - s t e r  
1.16 X 10-2 
5.92 X 
1.18 x io- 
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ELECTRON ENERGY IN MEV 

Figure 6. Relative efficiency versus energy curves f o r  detector D outputs. 



Detector B Charac te r i s t ics  

Detector B is  a s ingle  s o l i d  state diode (an Ortec surface 
b a r r i e r  de tec tor )  designed t o  de t ec t  protons with nominal energy from 
one t o  4.5 Mev with a high discrimination aga ins t  t he  ambient e lectron 
flux. Insens i t i v i ty  t o  e lectrons i s  achieved through 

1. use of a t h i n  sensor so  t h a t  enter ing e lec t rons  cannot 
deposit  much energy i n  it. 

2. discrimination l eve l s  t h a t  are set  much higher than the  
pulse amplitude typ ica l ly  produced by e lec t ron  energy 
l o s s  i n  the  sensor, and 

3. t h e  previously mentioned 0.25 psec pulse c l ipping t o  de- 
crease t h e  probabi l i ty  of pulse pi le-up of many low 
energy events. 

Brass shielding about t h e  sensor confines t h e  e f f zc t ive  solid angle, 
for protons of less than 85 MeV, t o  a cone of U5 . 
aperture construction are shown i n  Figure 7. 

Detai ls  of t he  

8- 

DETECTOR " B APERTURE 

1 .  MOUNTING RING 5. SECOND SPACER 9. DETECTOR HOLDER 
2. REAR SHIELD 6. UPPER SPACER 10. SOURCE MOUNT 
3. MAIN HOUSING 7. APERTURE DEFINING 1 1 .  ELECTRON BAFFLE 
4. REAR SPACER 8. CONNECTOR INSULATOR 12. ELECTRON BAFFLE 

Figure 7. Detector B aper ture .  
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Two t h i n  annular d i s c s  serve as electron b a f f l e s  t o  redme the  scat-  
t e r i n g  of e lectrons i n t o  t h e  detector.  A nickel  f o i l  1 . 2  %/em2 t h i c k  
i s  mounted on t h e  tnner b a f f l e  t o  sh ie ld  the  de tec tor  from l i g h t .  The 
6.5 mm2 sensor area r e s u l t s  i n  a geometric f a c t o r  f o r  the  de tec tor  
0.015 em2- steradian. 

I I I I I I I I  I I I 1 1  I l l  

The de tec tor  B e lec t ronic  discrimination l e v e l s  (B  cy' By By, 
B ) are  set a t  0.87 MeV, 1.41 MeV, 2.10 MeV and 3.84 MeV respect vely. 
Due to the small deplet ion depth (100 microns) of t h e  detector  a given 
discrimination l e v e l  may be t r iggered both by a proton which stops i n  
the  ac t ive  depth and a higher energy proton which penetrates it. Pene- 
t r a t i n g  protons of s t i l l  higher energy cannot deposit  s u f f i c i e n t  ener- 
gy i n  t h e  ac t ive  depth t o  t r i g g e r  the  discrimination leve l .  A given 
pulse height can therefore  be produced by protons with e i t h e r  of two 
d i f f e r e n t  energies. This c h a r a c t e r i s t i c  of de tec tor  B i s  displayed i n  
Figure 8 where the  discrimination l e v e l s  a r e  marked. 

6 

I I I I I l l  
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CHANNEL 84 
ANTI-C CHANNEL 83  
ANTI-C CHANNEL 82 

ANTI-C CHANNEL 81 
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,1 1 (MEW 10 100 
INITIAL ENERGY OF PROTON INCIDENT ON DETECTOR 

Figure 8. Typical detector B energy response characteristic with discriminator settings indicated. 
Logical combinations of the discriminator levels to produce outputs are shown at the top of the 
figure. 



Here it i s  c l e a r l y  shown t h a t  although the  output of t h e  discriminat-  
ors  a r e  i n t e g r a l  i n  pulse height they represent d i f f e r e n t  d i f f e r e n t i a l  
proton energy in te rva ls .  Further, l e v e l  B i s  s e t  higher than any 
possible pulse height obtainable from protons received through the  
entrance aperture.  It can be t r iggered  only by heavier pa r t i c l e s ,  
such as alpha pa r t i c l e s ,  o r  protons (grea te r  than 85 Mev) penetrat ing 
the  s ide  of t h e  sh ie ld  and t ravers ing  the  de tec tor  sideways. Level B4 
y ie lds  a crude measure of t h e  omnidirectional background f l u k  wiiich 
penetrates  t he  sh ie ld  and can be used t o  place an upper l i m i t  upon t h e  
alpha p a r t i c l e  flux. 

6 

Adjacent discrimination l eve l s  a r e  placed i n  anti-coincid- 
ence ( top  of Figure 8) t o  y i e ld  four  output channels l abe l l ed  as B1, 
B2, B3, with proton energy ranges. 

B1 1.1 t o  1.6 Mev and 
7.1 t o  14 MeV 

B2 1.6 t o  2.25 MeV and 
4.75 t o  7 . lMev 

B3 2.25 t o  4.74 MeV 

B4 grea te r  than 85 Mev background channel. 

It can be seen t h a t  t h e  overlapping energy in t e rva l s  have been elimi- 
nated but  an unambiguous iden t i f i ca t ion  of an energy spectrum s t i l l  
depends upon some p r i o r  knowledge of spec t r a l  shape o r  addi t iona l  da ta  
such as i s  ava i lab le  from de tec tor  C. Cal ibrat ions of these ranges 
a re  based p a r t l y  upon protons generated by the  d(He3,p) He4 react ion 
on the  Cockcroft-Walton acce lera tor  at  the  S t a t e  University of Iowa, 
shielding calculat ions,  and the  use of an accurately ca l ibra ted  elec- 
t ron ic  pulser.  Reaction produced protons a re  used t o  determine the  
de tec tor  bias voltage required f o r  t h e  desired deplet ion depth and t o  
f ind  t h e  upper cutoff energy f o r  penetrat ing protons i n  each channel. 
Lower cutoff energies f o r  non-penetrating protons a re  based upon t h e  
discrimination l e v e l s  set by a ca l ibra ted  pulser  with allowance f o r  
t h e  proton energy l o s s  i n  the  l i g h t - t i g h t  f o i l .  

Detector C Charac te r i s t ics  

Detector C i s  a two element proton telescope which c l a s s i -  
Direction- f ies  proton energies i n  th ree  bands from 18.2 t o  63 Mev. 

a l f ty  and s o l i d  angle are defined by two 1 em2 Lithium d r i f t  detectors  
separated a dis tance of 2 em with t h e i r  faces  p a r a l l e l  and t h e i r  s ides  
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ro ta ted  a t  4 5 O  with respect t o  each other. 
f a c t o r  is  0.216 em2- steradian. 

The resu l t ing  geometric 

High energy protons coming from the  forward d i rec t ion  pene- 
t ra te  both detectors  producing time coincident pulses. 
detector,  designated C2, performs the  pulse height analysls  on the  
penetrating p a r t  of t h e  charac te r i s t ic  while t h e  f r o n t  detector  serves 
t o  resolve t h e  ambiguity i n  t h e  double values charac te r i s t ic  of the  
r e a r  detector .  Character is t ics  for detectors  C1 and C2 are given i n  
Figure 9 with t h e  placing of e lec t ronic  discrimination l e v e l s  shown. 

The r e a r  

c 2  c 3  c4 c1 
I I I I I I l l  

C'P c17t 
""I 

. I  1 1 1 1 1 1 1  I 
10 

1 I 1 1  1 1 1 1  
MEV 11 

- 

- 
0 1001 

INITIAL ENERGY OF PROTON TRAVERSING DETECTOR C 

Figure 9. Typical detector C energy response characteristics with discriminator settings indicated. The 
logical combinations of the six discrimination levels used to produce the outputs are shown at the top 
of the figure. 



The block diagram a t  t h e  top  of t h e  figure indicates  t h e  log ica l  s o r t -  
ing of discr iminator  l e v e l s  which combine t o  form analyzer outputs C1,  
C2, C3, and C4. Output C 4  is  d i f f e ren t  from t h e  o ther  outputs i n  t h a t  
it represents t h e  s ing les  rate of pulse amplitudes between C2a, and C2p 
r a the r  than t i m e  coincident pulses i n  t h e  two detectors .  
i s  used as a background monitor t o  allow an estimate of t h e  random co- 
incidence ra te .  The r e su l t an t  d i f f e r e n t i a l  energy proton channels a re  

Channel C 4  

c1 18.2 t o  25 Mev 

c2 25 t o  35 MeV 

c3 35 t o  63 MeV 

c4 background 

These r e s u l t s  a r e  shown succinct ly  by Figure 10 where the  foreground 
locus represents t h e  energies recorded by the  output channels when a 
proton t raverses  C 1  f i r s t  and the  background locus when C2 i s  t ravers-  
ed f irst .  

ENERGY DEPOSITED IN DETECTOR C 2  IN MEV 

Figure 10. Two-dimensional view of detector C telescope proton energy analysis. 
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Once again protons from the  d(He3,p)He4 react ions were used 
t o  determine t h e  f ront  and back dead layers  and the depletion depth 
f o r  the  two component sensors. Typical values were found t o  be 4.7 
Mev, 13  Mev, and 7.25 MeV respectively.  A f i n a l  check of lower energy 
cutoffs  f o r  two of the  output channels w a s  performed with the  40 MeV 
l i n e a r  accelerator  at  the University of Minnesota. Counting r a t e s  
from the  three  channels as a function of incident proton energy com- 
pared wel l  with the  expected values calculated from t h e  measured de- 
t e c t o r  parameters and discrimination leve ls .  

Detector Radiation Damage 

A comparison of the  de tec tor  A and D measurements with re- 
s u l t s  from s i m i l a r  detectors  aboard Explorer XV indicates  t h a t  the  
e f fec t ive  amplification of the  Relay I s c i n t i l l a t i o n  detectors  de- 
creased by about a f a c t o r  of 1 .3  during the  f i r s t  month i n  f l i g h t .  
The data  a l s o  indicates  t h a t  smaller decreases occurred during the  
next two months. A l l  of the  data  taken since May 1, 1963 however, i s  
consistent with the  assumption t h a t  the e f fec t ive  de tec tor  gains re- 
mained s tab le  t o  w i t h i n  10%. The absolute discrimination l e v e l s  used 
i n  t h i s  paper a r e  probably not i n  e r r o r  by more than 15% but compari- 
son with the  da ta  from Relay I1 w i l l  provide a more accurate and 
trustworthy determination of the  charac te r i s t ics  assumed by the  Relay 
I detectors  a f t e r  May 1, 1963. 

I n  the  case of detec tor  D, the  change i n  c h a r a c t e r i s t i c s  can 
be d i r e c t l y  a t t r i b u t e d  t o  radiat ion damage i n  t h a t  the  g lass  d i s c  upon 
which the  s c i n t i l l a t o r  i s  mounted can be darkened by a p a r t i c l e  radia- 
t i o n  dose comparable t o  t h a t  received i n  f l i g h t .  This source of d i f -  
f i c u l t y  has been corrected i n  the detector  D u n i t s  t o  be flown i n  the  
fu ture  by replacing the  g lass  with sapphire. 

Two e f f e c t s  of radiat ion damage were observed on t h e  B de- 
tec tor .  F i r s t ,  t h e  r e s i s t i v i t y  of t h e  s i l i c o n  increased so tha t  the  
depletion depth increased. Knowing t h a t  h i s  change occurred (by the 
appearance of large pulses) the  necessary minor modifications i n  the  
in te rpre ta t ion  of t h e  d a t a  can be made with confidence. The second 
e f f e c t  w a s  t h a t  a f t e r  120 days i n  o r b i t ,  t h e  s i z e  of t h e  pulses began 
t o  decrease so  t h a t  after 160 days i n  o r b i t  t h e  counting rates from 
t h e  B de tec tor  approached zero. The t o t a l  number of protons reachin 
t h e  sens i t ive  element of t h e  de tec tor  by t h i s  t i m e  w a s  about 10 /cm 
corresponding t o  a rad ia t ion  dose of about 10 Rads. The s o l i d  angle 
subtended by the  de tec tor  B aperture w a s  reduced by a f a c t o r  of 2.2 on 
t h e  u n i t  i n  Relay 11 so t h a t  a somewhat extended de tec tor  l i f e  i s  an t i -  
cipated.  
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A f t e r  one year i n  o r b i t  t h e  counting rates due t o  protons i n  
de tec tor  C remain the  same as on the  day of launch. This ind ica tes  
t h a t  t he  rad ia t ion  damage t o  t h e  two sensors i n  t h i s  de tec tor  has not 
been important. 

PART I1 

SPATIAL DISTRIBUTIONS OF PARTICLE FLUXES 

Electron Distr ibut ions 

The usual  magnetic coordinates B and L (McIlwain, 1961) are 
used throughout t h i s  paper t o  organize t h e  da t a  received from d i f f e r -  
en t  locat ions i n  space. The L value f o r  a point  i n  space i s  approxi- 
mately equal t o  the  maxi" r a d i a l  dis tance reached by t h e  l i n e  of 
force going through the  point and is  given i n  u n i t s  of e a r t h  radii. B 
i s  t h e  sca l a r  magnitude of t he  magnetic f i e l d  a t  t h a t  loca t ion  i n  
u n i t s  of gauss. 

After the  in i t ia l .  reduction of t h e  telemetered information, 
t h e  counting rates from a l l  19 channels of da t a  a re  interpolated t o  a 
pa r t i cu la r  set of L values: 1.1, 1.15, 1.2, e tc .  

On July 9, 1962, a high a l t i t u d e  nuclear explosion in jec ted  
la rge  numbers of energet ic  e lectrons i n t o  trapped o r b i t s  i n  t h e  earth's 
magnetic f i e l d .  Subsequent measurements (McIlwain, 1963) have shown 
t h a t  a t  l e a s t  u n t i l  February 1963, these  e lec t rons  const i tuted an im- 
por tant  rad ia t ion  hazard t o  spacecraf t  t ravers ing  c e r t a i n  regions of 
space. The Relay I da ta  presented here show t h a t  t h i s  s i t u a t i o n  per- 
s i s t e d  throughout t he  year of 1963. 

The flux of e lec t rons  with energies g rea t e r  than 0.45 MeV 
can be uniquely obtained by subtract ing the  Db channel, (Detector D, 
four th  discrimination l e v e l )  from the  D 1  channel t o  remove the  proton 
contr ibut ion t o  t h e  D 1  counting ra te .  The unid i rec t iona l  i n t ens i ty  
perpendicular t o  t h e  l i n e  of force  of e lectrons g rea t e r  than 0.45 Mev 
obtained i n  t h i s  manner i s  shown i n  Figure 11 as a function of B f o r  a 
s e t  of l i n e s  of force with L values between 1.25 and 2.7 e a r t h  r ad i i .  
The ac tua l  da t a  points  are shown f o r  some of these  l i n e s  of force t o  
i l l u s t r a t e  t h e  d i s t r ibu t ion  and s c a t t e r  of t h e  data points.  
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Figure 11. The unidirectional intensity perpendicular to the magnetic field of electrons with energies 
greater than 0.45 Mev as a function of B for various L values. 

I n  the  fu ture ,  as more da ta  i s  received, ana ly t ic  f i t s  t o  
these data points  w i l l  be made as a funct ion of B and time f o r  each 
l i n e  of force.  This w i l l  make possible a normalization of t he  inten- 
s i t i e s  t o  a reference time which w i l l  considerably reduce the  s c a t t e r  
i n  t h e  data. Analytic f i t s  w i l l  a l s o  simplify the  in tegra t ion  of t h e  
unid i rec t iona l  i n t e n s i t i e s  t o  obtain the  angular d i s t r ibu t ions  and t h e  
omnidirectional i n t ens i t i e s .  I n  l i e u  of ac tua l  integrat ion,  it i s  a 
usefu l  f a c t  t h a t  t h e  omnidirectional i n t ens i ty  i s  almost always within 
a f a c t o r  of 1.5 of s i x  t i m e s  t h e  unid i rec t iona l  i n t e n s i t y  perpendicular 
t o  t h e  l i n e  of force.  

The p l o t  of contours of constant i n t e n s i t y  i n  B-L space 
shown i n  Figure 12 w e r e  derived from t h e  same da ta  shown i n  Figure 11. 



0.2 - 

0.15 - 

0.10 - 
I n -  
In 
3 -  
4 w -  

0.06- 
I 

004- 
UNIDIRECTIONAL INTENSITY OF ELECTRONS >0.4 

MAY 1 TO SEPT 1 I 1963 
11 IN ELECTRONS SEC-'CM-* STERADIAN-' 

L IN EARTH RADI I  

Figure 12. Contours of constant i n t e n s i t i e s  d e r i v d  from Figure 11. The contours a r e  labe l led  by the  log- 
arithm t o  the  base t e n  of t h e  in tens i ty .  Four contours per  decade a r e  given corresponding t o  a f a c t o r  
of lOo**5 = 1.78 i n  i n t e n s i t y  between adjacent contours. 

The r a t i o  of i n t e n s i t i e s  between adjacent contours i s  10°025 = 1.778. 

Comparing these r e s u l t s  with t h e  Explorer XV data,  which w a s  
obtained between November 1, 1962 and February 1, 1963, it i s  found 
t h a t  t he  r e l a t i v e  s p a t i a l  d i s t r ibu t ions  given by t h e  two sets of da ta  
a re  i d e n t i c a l  t o  within 30% i n  t h e  region L = 1.3 t o  1.6. The absolute 
i n t e n s i t i e s  obtained from t h e  Relay I measurements i n  t h i s  region may 
be as much as a f a c t o r  two lower than t h e  e a r l i e r  Explorer XV r e su l t s .  
Determination of t h e  t r u e  time dependence must await comparison w i t h  
t he  Relay I1 r e s u l t s  but t h e  present r e s u l t s  ind ica te  t h a t  the  time 
constant f o r  decrease i n  the  i n t e n s i t i e s  i n  t h i s  region i s  grea te r  
than one year. Since few r e l i a b l e  measurements of e lec t rons  g rea t e r  
than 0.5 MeV were made previous t o  t h e  "Starf ish" event, it is  not ye t  
possible  t o  determine what p a r t  of t he  i n t e n s i t i e s  a re  due t o  natural-  
l y  occuring electrons.  

The Relay I omnidirectional de tec tor  (de tec tor  A) i s  sensi-  
t i v e  t o  e lectrons with energies g rea t e r  than 3.5 Mev and protons with 
energies grea te r  than 34 MeV. A s  mentioned previously, t h e  e f f ec t ive  
gain suffered an i n i t i a l  decrease. 
a s t ab le  value approximately a f a c t o r  of 1.5 lower than before launch. 
This caused t h e  discrimination l e v e l  t o  approach t h e  l a r g e s t  pulse 
s i ze  which can be produced by an e lec t ron  thereby reducing the  e f f i -  
ciency f o r  e lec t rons  t o  about one t e n t h  of t h e  i n i t i a l  value. Since 

By May 1, 1963, t h e  gain reached 

20 



t he re  were no independent measurements of high energy electrons made 
between February 1 and May 1, 1963, it i s  possible  t h a t  t h e  measured 
decrease of a f a c t o r  10 i n  the  e lec t ron  counting r a t e s  may include a 
f a c t o r  due t o  t h e  change i n  the  trapped e lec t ron  in t ens i t i e s .  The 
Relay I1 resu l t s ,  when available,  can be used t o  reca l ibra te  t h e  Relay 
I de tec tor  and w i l l  therefore  remove most of t h e  present uncertainty.  

It should be noted t h a t  most of t h e  pulses produced by pro- 
tons i n  t h e  Relay I de tec tor  A remained far l a r g e r  than the  discrimi- 
nation leve l .  The e f f ic iency  f o r  protons can therefore  be accurately 
computed . 

A t  L values g rea t e r  than 3.0 e a r t h  radii, t h e  counting rate 
due t o  protons i s  very small, thereby permitt ing good measurements of 
t h e  high energy e lec t rons  i n  t h e  outer  zone. 
plex time and s p a t i a l  dependences of t h e  outer  zone i s  not ye t  com- 
p l e t e  and w i l l  therefore  be presented i n  a l a t e r  paper. 

The analysis  of t h e  com- 

A t  L values of l e s s  than 1.45, over 80$ of the  de tec tor  A 
counting rate is  due t o  e lectrons.  
several  l i n e s  of force  i n  t h i s  region are shown i n  t h e  upper p a r t  of 
Figure 13. 

The observed counting rates along 

. MAY I TO S E P l  22.1963 
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Figure 13. The counting rate of the omnidirectional detector (detector A) along various lines of force. 
Below L = 1.45 the obsemed counting rates are primarily due to electrons and above L = 1.7 the 
counting rates are primarily due to protons. 
tracting 0.6 counts/sec. 

The cosmic ray contribution has been removed by sub- 
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The corresponding contours of constant counting rate i n  B-L space a re  
shown i n  t h e  l e f t  s ide  of Figure 14. 

Figure 14. Contours of constant counting rate derived from Figure 13. 

For comparison, t h e  contours of constant i n t e n s i t y  of e lectrons with 
energies g rea t e r  than 5 MeV as measured by Explorer XV a re  shown i n  
Figure 15. 

L IN EARTH RADII 

Figure 15. Contours of constant omnidirectional i n t ens i ty  of e lectrons with energies greater  than 5 Mev 
derived from Explorer XV data .  

22 



A s  expected, t h e  contours are very similar i n  t h e  region L = 1.25 t o  
1.5.  I n  the  region L < 1.25, there  probably has been an appreciable 
decrease i n  t h e  high energy e lec t ron  in t ens i t i e s ,  but no Relay I data  
taken i n  t h i s  region after May 1, 1963 i s  available,  so t h a t  t he  
r e a l i t y  of t h i s  decrease cannot be demonstrated. 

Proton Distr ibut ions 

During the  period May 1, t o  September 22 of 1963, over 80% 
of t h e  de tec tor  A counting rates i n  the region L = 1.8 t o  2.8 e a r t h  
radii w e r e  probably due t o  protons. The e f f ic iency  f o r  protons r i s e s  
rapidly from near zero a t  34 MeV and remains constant within a f a c t o r  
of 1.5 between 35 and 300 MeV. 
g rea te r  than 300 Mev i s  r e l a t i v e l y  small i n  the  region being considered, 
t h e  de tec tor  A counting r a t e s  correspond t o  t h e  t o t a l  f l u x  of protons 
with energies g rea t e r  than 35 Mev. The weighted average value of t h e  
e f f ic iency  t i m e s  t he  geometrical f a c t o r  is  calculated t o  be 1/3 cm2 
with a probable e r r o r  of l e s s  than 30%. The counting r a t e s  along 1- 
of force i n  t h i s  region are shown i n  the  lower p a r t  of Figure 13. The 
cosmic ray contr ibut ion has been removed by subtract ing 0.6 counts per  
second. The corresponding contours of constant counting r a t e s  a re  
shown i n  the  r i g h t  hand p a r t  of Figure 14. 
similar t o  t h e  contours of 40 t o  110 MeV protons measured by Explorer 
XV (McIlwain, 1963). 
dependence of t h e  proton energy spectrum as measured by the  Relay I 
de tec tor  C. 

Since the  flux of protons with energies 

These contours a re  very 

The differences a re  w e l l  explained by the  spatia3. 

Detector C measures the  unid i rec t iona l  f l u x  of protons i n  
three  energy ranges between 18.2 and 63 Mev. 
C 1  and C 2  have e lec t ron  e f f i c i enc ie s  of very near zero. The t h i r d  
channel, C3, has a s m a l l  (~001) ef f ic iency  f o r  e lec t rons  with energies 
grea te r  than 3 Mev as wel l  as an e f f ic iency  of near un i ty  f o r  protons 
with energies between 35 and 63 Mev. The flux of electrons with ener- 
g i e s  g rea t e r  than 3 MeV i n  t h e  region below L = 1.5 are as much as t e n  
thousand times tk flux of 35 t o  63 Mev protons, therefore  t h e  C3 
channel does not y i e ld  r e l i a b l e  measurements of protons i n  t h i s  region. 
I n  the  region of L = 1.5 t o  3.0 e a r t h  r ad i i ,  however, t he re  i s  l i t t l e  
i f  any interference due t o  electrons.  

The lower two channels 

The contours of constant i n t ens i ty  of protons with energies 
between 18.2 and 35 MeV along l i n e s  of force as measured by channels 
C 1  and C 2  are shown i n  Figure 16. 
shielded by .4 g/cm2 of material  on satell i tes which t raverse  t h e  
region between 1.5 and 2.5 e a r t h  radii i s  pr imari ly  due t o  protons i n  
t h i s  energy range. 

The rad ia t ion  damage t o  s o l a r  c e l l s  
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Figure 16. Contours of constant un id i rec t iona l  i n t e n s i t y  of protons with energies  between 18.2 and 35 Mev 
as derived from detector  C anta. 

The e lec t ron  counting r a t e s  i n  t h e  D4 channel. a f t e r  May 1, 
1963 were only about 5 % of the  e lec t ron  counting rates i n  the  D2 
channel. Since t h e  e f f ic iency  f o r  protons i n  t h e  two channels are 
very near ly  t h e  same, t he  difference between t h e  D2 and D4 channels 
can be used t o  estimate the  f r a c t i o n  of t h e  Dh counting r a t e  which i s  
due t o  e lectrons.  
f r a c t i o n  is  observed t o  be l e s s  than 20% so  t h a t  t h e  counting r a t e  due 
t o  protons can be computed with a probable e r r o r  of less than 10%. 
The unid i rec t iona l  i n t e n s i t i e s  of protons with energies g rea t e r  than 
5.2 MeV derived i n  t h i s  fashion are  shown i n  Figures 17 and 18. 

Along l i n e s  of force between L = 1.8 and 2.6 t h i s  

The sum of the  B1, B2 and B3 channels y ie lds  the  f l u x  of 
protons with energies between 1.1 and 14 Mev with l i t t l e ,  i f  any, 
unwanted e f f e c t s  due t o  e lectrons.  The contours of constant unidirec- 
t i o n a l  i n t e n s i t i e s  of these protons a r e  shown i n  Figure 19. D a t a  cov- 
erage w a s  r a the r  poor during t h e  time period i n  which de tec tor  B w a s  
operating properly, therefore  t h e  i n t e n s i t i e s  given i n  some p a r t s  of 
t h i s  f igure  may be i n  e r r o r  by as much as a f a c t o r  of two. It is  ex- 
pected t h a t  a more complete analysis  of t h e  avai lable  data w i l l  reduce 
the  probable e r r o r  t o  l e s s  than 20%. 
s o l a r  c e l l s  on s a t e l l i t e s  which t raverse  t h e  region around 2 ea r th  
r a d i i  i s  pr imari ly  due t o  these low energy protons. 

Radiation damage t o  unshielded 

A comparison of Figures 14, 16, 18, and 19 reveals t h a t  t he  
s p a t i a l  d i s t r ibu t ions  of protons a re  qui te  d i f f e ren t  i n  the  d i f f e ren t  
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Figure 17. The unidirectional intensity of protons with energies greater than 5.2 MeV along lines of 
force as derived from detector D data. 
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Figure 18. Contours of constant intensity derived from Figure 17 
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Figure 19. Contours of constant unidirect ional  i n t ens i ty  of protons w i t @  energies between 1.1 and 14  MeV 
as derived from detector  B data .  

energy ranges. 
and on some l i n e s  of force t h e  spectrum var ies  importantly with B. 
For a l l  energies along a l l  l i n e s  of force,  t h e  m a x i m u m  in t ens i ty  
occurs a t  t h e  magnetic equator. 
d i f f e ren t  energy ranges a re  shown as a funct ion of L i n  Figure 20. 
The i n t e n s i t i e s  i n  the  40 t o  110 MeV energy range are derived from the  
Explorer XV data. Unfortunately t h e  proton energy spectrum over the  
f u l l  range of 1 . 1 t o  110 Mev cannot be adequately represented by any 
simple spec t r a l  form l i k e  a power l a w  or exponential dependence on 
energy. No one parameter, such as the  Eo previously suggested (McI1- 
wain and Pizzel la ,  1963) has been found with which t h e  s p a t i a l  depen- 
dence of t he  spectrum can be e a s i l y  characterized. 

The proton energy spectrum i s  a s t rong funct ion of L 

Phese m a x i m u m  i n t e n s i t i e s  f o r  four  

Detailed energy spec t ra  can be obtained by using a l l  e ight  

This analysis  i s  not ye t  complete and w i l l  be presented 
of t h e  channels producing proton da ta  (channels B1, B2, B3, D4, C1, C2, 
C3, and A). 
i n  a fu ture  paper. 

Magnetic Storm Effec ts  

Between 2100 hours UT on Se;tember 22 and 0300 hours UT on 
September 23 the  l a r g e s t  f luc tua t ions  i n  t h e  e a r t h ’ s  magnetic f i e l d  
during t h e  year of 1963 occurred. Within almost t h e  same short  period 
of time, t h e  proton d i s t r ibu t ion  measured by de tec tor  A underwent a 
r ad ica l  change. The new d i s t r ibu t ion  of protons with energies grea te r  
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Figure 20. Unidirectional intensities perpendicular to the magnetic field for four different proton 
energy ranges as a function of L along the magnetic equator. 

than 35 MeV i s  shown i n  t h e  r i g h t  s ide  of Figure 21. 
t h e  e a r l i e r  d i s t r i b u t i o n  i s  shown on the  l e f t  side.  A t  L values of 
less than 2.0 no change l a r g e r  than 10% w a s  observed while outside 
L = 2.5 the  i n t e n s i t i e s  t y p i c a l l y  decreased by over a f a c t o r  of ten .  
The earlier d i s t r i b u t i o n  had remained s t ab le  f o r  many months. 
l y ,  t he  new d i s t r i b u t i o n  has remained unchanged as of t h e  latest  ob- 
servat ions which were made l a t e  i n  December 1963. 

For comparison, 

Similar- 

It seems qui te  possible  t h a t  a thorough ana lys i s  of t h i s  
event w i l l  reveal  t h e  t r u e  character  of t h e  mechanisms which control  
t h e  behavior of trapped protons. 

Simultaneous with t h e  proton changes, an intense new outer  
zone of e lec t rons  began t o  form with a peak i n t e n s i t y  at  L = 3.2 e a r t h  
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Figure 21. Contours of constant detector A counting rates before and after the magnetic storm of 
September 22, 1963. 
per square centimeter of trapped protons with energies greater than 35 MeV. 

Multiplication of the counting rates by three yields the omnidirectional flux 

r a d i i .  I n  addi t ion  t o  t h e  r e l a t i v e l y  energet ic  e lec t rons  i n  t h e  outer  
zone, a high i n t e n s i t y  of low energy (less than 0.7 MeV) e lec t rons  
appeared i n  a wide region of space. Immediately after the  event, t he  
unid i rec t iona l  i n t e n s i t y  of e lec t rons  with energies g rea t e r  than 0.45 
MeV at  a r a d i a l  dis tance of 2.0 e a r t h  r a d i i  w a s  g rea t e r  than 3 x lo6 
see em-2 steradian' l  from L = 4.0 down t o  at  l e a s t  .1 = 2.0. Referring 
t o  Figure 12, t h e  contour corresponding t o  loglo (jL ) = 6.5 apparenbly 
moved outward by over two e a r t h  r a d i i .  Unfortunately very l i t t l e  da ta  
w a s  taken f r o m t h e  Relay I rad ia t ion  de tec tors  a f t e r  t h i s  event (except 
from de tec tor  A, which i s  on continuously) u n t i l  December by which 
time t h e  anomalous low energy e lec t ron  i n t e n s i t i e s  had undergone con- 
s iderable  decreases. 

PART I11 

INTEGRATED FLUXES ALONG THE RELAY I ORBIT 

Daily In tegra ls  

The Explorer XV data  has been used t o  construct a computer 
program (McIlwain, 1963) which can be used t o  determine t h e  omnidirec- 
t i o n a l  f luxes  of t h ree  categories  of p a r t i c l e s  which were present a t  
a r b i t r a r y  loca t ions  i n  space on January 1, 1963. This program has 
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been used t o  obtain t h e  total .  f l u x  of these p a r t i c l e s  s t r i k i n g  t h e  
Relay I satel l i te  over 8 complete revolutions (1.02 days) f o r  40 d i f -  
f e r en t  days d i s t r ibu ted  throughout 1963. 
r e s u l t s  reveals  two important f ac t s :  (1) the  t o t a l  f l u x  per  day varies 
smoothly from day t o  day, (2) t h e  t o t a l  f l u x  per  day f o r  each category 
of p a r t i c l e s  is  a unique funct ion of t h e  l a t i t u d e  of perigee (assuming 
no change of p a r t i c l e  i n t e n s i t i e s  with t i m e ) .  The dependence of t h e  
d a i l y  f luxes  of p a r t i c l e s  upon t h e  l a t i t u d e  of perigee, shown i n  Fig- 
ure  21, can therefore  be used (along with t h e  known va r i a t ion  of t he  
l a t i t u d e  of perigee with t i m e )  t o  determine t h e  d a i l y  f luxes  as a 
funct ion of t i m e  as i s  shown i n  Figure 22. 

An examination of these  
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Figure 22. Total omnidirectional fluxes of several categories of trapped particles integrated around the 
Relay I orbit as a function of the latitude of perigee based upon the January 1, 1963 distributions 
measured by Explorer XV. 



The r e l a t i v e  differences i n  t h e  curves are of course due t o  t h e  d i f -  
f e r en t  s p a t i a l  d i s t r ibu t ions  of t h e  p a r t i c l e s .  It i s  in t e re s t ing  t o  
note t h a t  t h e  d a i l y  fluxes of protons with energies g rea t e r  than 1.1 
Mev would be peaked at  t h e  t i m e s  at  t h e  d a i l y  f luxes  40 t o  110 Mev 
protons a re  a minimum. 

Data from a de tec to r  on t h e  IWUN 3 (Valerio, t o  be publish- 
ed) ind ica tes  t h a t  t h e  f l u x  of 40 t o  110 Mev protons d id  not vary im- 
por tan t ly  during t h e  f irst  e ight  months of 1963 and t h e  Relay I da ta  
ind ica tes  t h a t  t h e  d a i l y  f luxes  of e lec t rons  were no more than a fac- 
t o r  of t h ree  lower at  the  end of 1963 than a t  the  time of t h e  Explorer 
XV measurements. 

In tegra ls  Over One Year 

The curves i n  Figure 22 have been in tegra ted  over t he  f i rs t  
year  a f t e r  the  launch of Relay I. 
day were found t o  be: 

The r e su l t i ng  average f luxes  per  

(1) (2.1 '*;) - x 10l2  e lec t rons  (E > 0.5 Mev) cm-'day-' 

(2)  (3.6 -1.7 '.4) x lolo e lec t rons  (E > 5 MeV) cm-2day-1 

8 
(3) (1.07 f .15) x 10 protons (E = 40 t o  110 Mev) cm-2day-1 

where the  e r r o r  limits correspond t o  t h e  sum of a l l  possible  e r ro r s  
and t h e  maximum possible  changes i n  t h e  p a r t i c l e  i n t e n s i t i e s  allowed 
by t h e  Relay I measurements. 

Since t h e  s o l a r  c e l l s  comprising t h e  Relay I power p lan t  
were shielded by about 0.4 g/cm2 of quartz, which can be penetrated by 
protons with energies g rea t e r  than about 17 Mev, it i s  of i n t e r e s t  t o  
an t i c ipa t e  the  r e s u l t  of a proper in tegra t ion  of t h e  da t a  obtained by 
de tec tor  C. A comparison of t h e  bottom two curves of Figure 20 and 
similar curves f o r  o ther  l a t i t u d e s  leads  t o  t h e  estimate t h a t  t he  
average f l u x  of protons with energies g rea t e r  than 18.2 Mev i s  a fac- 
t o r  of 10 f 2.5 l a r g e r  than the  average f l u x  of 40 t o  110 Mev protons. 
This f lux of (1.1 f .3) x lo9 protons (E > 18.2 Mev)cmm2day-l appears 
t o  be adequate t o  produce t h e  observed s o l a r  c e l l  rad ia t ion  damage 
(Waddel, p r iva te  communication). For n-on-p type s o l a r  c e l l s  t h i s  
average omnidirectional f l u x  of protons produces rad ia t ion  damage 
equivalent (Brown - e t  -' a1 1963) t o  a beam of one Mev e lec t rons  at  nor- 
ma l  incidence with a flux of (2.0 f .6) x 1012 cm-2day-1. By compari- 
son, t h e  average e lec t ron  spectrum implied by t h e  data above, when 
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weighte'd by t h e  energy dependence of t h e  e lec t ron  damage t o  n-on-p 
type s o l a r  c e l l s  under 0.4 g/cm2 of quartz (Brown e t  al ,  1963) indi- 
ca tes  t h a t  t h e  average damage due t o  e lec t rons  w a s  e uivalent  t o  a 
beam of only (0.6 f .4) x 1012 one MeV e lec t rons  cm-%ay-l. These 
calculat ions therefore  indicate  t h a t  th ree  quarters  (.77 f .l7) of t h e  
damage t o  t h e  s o l a r  c e l l s  protected by 0.4 g/cm2 of quartz w a s  pro- 
bably produced by protons. The measured energy spec t ra  of e lec t rons  
and protons are such t h a t  as t h e  shielding is  reduced below 0.4 g/cm 
t h e  f r a c t i o n  of t h e  damage produced by protons rapidly approaches 
unity.  

2 

- PR~TONS 40-IIOMEV ixiooot 

got Detector A i s  connected t o  a la rge  registe-r which is  
r e se t  a f t e r  each reading and which accumulates 229 = 
counts before overflowing. The counts i n  t h i s  r e g i s t e r  can therefore  
be used t o  determine the t o t a l  number of de tec tor  A counts per  day. 
Some 300 measurements of t h i s  kind a re  shown i n  Figure 23. 

5.37 x 10 

ELECTRONS > 5MEV 1x101 

Figure 2 3 .  Daily average omnidirectional intensities versus time for Relay I as derived from Figure 22. 

Since t h e  de tec tor  w a s  not designed t o  properly measure t h e  high in- 
t e n s i t i e s  of a r t i f i c i a l l y  in jec ted  electrons,  t h e  dead time correc- 
t i o n s  necessary are r e l a t i v e l y  large.  The average correct ion f a c t o r  
f o r  a day 's  accumulation of counts depends upon how t h e  counts w e r e  
obtained. For example, a given number of counts obtained i n  a short  
time requires  a l a r g e r  correct ion f a c t o r  than t h e  same number of 
counts obtained i n  a longer period of t ime. The de ta i l ed  rates of 
accumulation as predicted by t h e  Ekplorer XV da ta  has been used t o  
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ca lcu la te  t h e  des i red  average correct ion f a c t o r  i n  a manner which i s  
r e l a t i v e l y  independent of t he  var ia t ions  i n  t h e  de tec tor  A ef f ic iency  
with time. The r e su l t i ng  calculated values for t he  t r u e  number of 
counts per  day is  shown i n  the  upper curve of Figure 23. Except f o r  
t h e  times where t h e  number of counts per  day exceeds 1 .5  x 109, t h i s  
curve i s  probably accurate t o  within l5$. For comparison, t he  com- 
puted i n t e n s i t y  of e lec t rons  g rea t e r  than 5 Mev (see Figure 22) m u l t i -  
p l i ed  by 0.02 x exp(-day of year/365) i s  shown i n  t h e  bottom curve. 
A f t e r  day 121 (May 1) it can be seen t h a t  t h e  number of t r u e  counts 
per  day w a s  slowly decreasing but with a time constant of g rea t e r  than 
one year. Since these  d a i l y  counting rates a re  l a rge ly  due t o  e lec-  
t rons  it must be remembered t h a t  after May 1, t h e  e f f ec t ive  discrimi- 
nation l e v e l  w a s  i n  a region of t h e  e lec t ron  pulse height d i s t r i b u t i o n  
where a 2$ change i n  discrimination l e v e l  would produce a change i n  
counting r a t e  of at  l e a s t  lo$ and probably about 20%. The apparent 
decrease i n  t h e  d a i l y  number of counts can therefore  be used only t o  
ind ica te  t h a t  t he re  w a s  no la rge  change (i.e. l a r g e r  than a f a c t o r  of 
two) i n  the  high energy e lec t ron  f luxes  between May 1 and December 10, 
1963 and t o  ind ica te  t h a t  t he  e f f ec t ive  gain of t h e  de tec tor  has been 
r e l a t i v e l y  s t ab le  s ince  May 1, 1963. 

PART I V  

SUMMARY OF RESULTS 

The highest  e lec t ron  i n t e n s i t i e s  a r e  found around the  mag- 
ne t i c  equator a t  radial dis tances  between 1 .2  and 1.6 ea r th  radii. 
The Relay I da ta  shows t h a t  i n t e n s i t i e s  measured e a r l i e r  i n  t h i s  
region by Explorer XV pers i s ted  throughout t h e  year of 1963 and did 
not decay by more than a f a c t o r  of th ree .  

The s p a t i a l  d i s t r i b u t i o n  of protons i n  four  d i f f e ren t  energy 
ranges has been determined and found t o  depend s t rongly upon energy. 
The proton i n t e n s i t i e s  at  L values g rea t e r  than 2.0 e a r t h  r a d i i  were 
observed t o  decrease during a la rge  magnetic storm. A t  all o ther  
times t h e  protons fluxes exhibited no important changes with time. 

The in tegra ted  f luxes of various p a r t i c l e  types along the  
Relay I o r b i t  have been computed and a re  found t o  be adequate t o  ex- 
p l a in  t h e  observed degradation of s o l a r  c e l l s .  
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Figure 24. The total counts per day registered by detector A. 
of counts registered in the accumulator. 
for the 3 microsecond detector dead time. 

The data points correspond to the number 
The upper curve represents the same data after correction 
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