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in this WSiSm 

290-690 Rev, 690-1700 &ST ~700-4000 Re”rpo 

eleGtaraa 1964 

to 



2 

of E 290 Kev, “xk ase is attributed %o the decaying 

Starfish el by h g  the deaease afld flwc levels to 

experinxznts wh ich  have measured the Starfish decay since 

shortly after the det~nation,. The 50-120 Kev electmns, 

f#ruJwer, are &served incm2ase slightly dur:ing this 

two @:od the 120-290 Kev & S absenved 

%o have a two year decay ra%e inteme& “ate between thE? 

50-120 Kev electrons am3 the 290-690 Kev e l e o n s ,  

The diffusiom-fike injection of ele ~ - $ = g Y U p  

690 mv h p  the E = 1031 -&g 

a new and stable inner zone of natural origin, was observed 

s t x x l n ’ a s ~ i a w  W i t h  the 

2, 1966 solar flare. No kcxease .=h a s  region 

befaw L = 2,O was observed for electram of energy greater 

than 690 Kev, W 2 t h i . n  arm day of the onset of the event 

a wave of e 

foffowhg this initial wave there is a slaw diffusion 

hward, such that the madman increase at L = 1,4 

(e,g, a factor of 3 increase for 290-690 Kev elec=trons) is 

s was obserprsd e0 pene&rate to L = 2,O; 

reached 30 days after the onset of the event, The increase 

im&iately of f3le wave for L 200 is 

very large (e,g. mre than o r d e ~  of @tude for 290- 

690 Re”v e 

begl”msanimaE&a te rapid expanential decay (T = 13 days 

at  L = 2,2 for 290-690 Kev electrons) such that by mid- 

oetober the fluxes decayed to prestom levels* For L < 2-0 

at  L = 2 2 ) ;  this large imrease, however, 
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the hje 

and drop off rapidly near the loss cone, 

event were found to be f la t  near uo 90° 
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A, History of the Radiation Belts 

This thesis is an experimental study of the origin of 

the trapped electrons in the earth's radiation belts. prior 

to the advent of earth satellites, nomeaswrment of the 

electron flux w a s  possible abcrve several hundred kilameters. 

The rocket measurements which had been made did not indicate 

the existence of trapped mergetic electrons, 

the ability of the earth's magnetic field to trap electrons 

in a mhzorhg geanetry had been discussed by Cristofilos 

a classified paper in 1957 which was f i r s t  publisbd 

in 1959 (Cristofilos, 1959) Cristofilos had suggested 

the exploding of a nuclear device i n  spa= to create a 

trapped belt of electrons, The basis for this suggestion 

was ,the description of the motion of particles i n  the earth's 

dipole field by Alfven and Stoemer ,  

However, 

Van Allen's measurements (Van Allen, 1958) on Explorers 

I and 111 gave the f i r s t  indications of a larye flux of 

geamgnetically trapped particles, Mter the ini t ia l  

&isoav;ery of the radiation belts numerous other satellites 

were launched to explore the radiation trapped i n  the earth's 

magnetic field. The early instmmn ts antained detectors 

wh ich  were not capable of deteminhg the type of particles 

or the energies of the particles trapped in the magnetic field. 
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simplified the 
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a measure.,of ..a .ele 

positim .and Thedecaytfirveswerefaundtokahout 

300-400 d a ~  for laww energies and =re 

rapid fop lower altitudes. A f t e r  the first year follcxing 

the explosion, ehe f lux  of elecemns in the inner ZOIIR 

decayed again tR .lmier 

proton arnd fluxes returned, The polar satellite 

1963-38C continued ts measure the de- of Starfish electmm 

up to the present time (Beall et al , ,  196'7)), 

&cay.times ,as .a fumztmn of 

Is aMd the difficulty in separating 

1963-38C is, 

-, a satellite and measures fluxes only at low 

sanddoesrwf: 



a 

was first prc3poa ia ' 

of. electron spwtza in al 

the 3 - 3 A d i a a  belts 

100, Between the t5me when the experbent design was 

started and the first data was available in late 1964 a 

large velum of data was gathered in the outer zone; hrJwwer, 

no IbEw infoYlna~on be maLfable fox #e natural. electran 

fluxes in the iqner zone because of a large astfficial 

2.3 the 

3, m- of e S 

in to 
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3x2s is redlur=ed d Y  background 

energy band being analyzes are counted, 

through the same seqwnce as 

0 msystemthus 

8 and 5 background values every 

sate R.leasured in that channel, 

The fixst m d k l  of the qectramter was designed for 

t lam* from the Pacific Missile 

the e l m  flux in the Starfish 

belt, oske of the prfrnary mjissions of the flight 

O T h e  was to test the design of the satellite spe 

a much higher duty cych because 

availableo It had an entrance 

slit of 8 x lc4 starad-an?, . about. 8 gm of lead shielding 

ai! the size of =the satellite 

12, 196.30 The s were dfsoour aging s h e  all 

Is suffbred frrm a w e  baokgroufid, The flight 

a severe test because the 
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11. The OGO spacecraft 

A, Description Of the Spaoecsaft 

The Orbiting Geophysical Observatories (m) were built  by 

Space Technofogy Laboratmy, a division of Thanpson Ram, 

WOoldridge at Iiedondo Beach California. 

an artist's conception of the OGO spacecraft. The figure 

indicates the position of the electron spectr-ter and the 

integrating ion chamber, the tsm University of m s o t a  

Figure 11-1 s h  

experiments f l m  on OGO-I and OGO-IIL. The mission of the 

OGO spaeecrafb was to be a universal flexible stabilized 

plaffonn in space. The spacecrafts were designed to perform 

n u n e m  tasks. 

experiments sensitive to the disturbing influence of the 

spacecraft (mgnetmeters) or experiments which needed a 

4 r s te rdan  look direction. 

is munM on a four foot boan. The electron s m t e r  

has a veq narrow acceptance cone and hence it is mounted 

inside the main body of the spacecraft with only the entrance 

slit protruding through the skin of the spacecraft. 

and OGO-I11 were launched into similar orbits about two 

They contained long beans for mounting 

The integrating ion Ghmnber 

030-1 

years apart. 

OGO-I and Oo.I.111 on their respective launch dates. The 

Table 11-1 lists the vital  parameters for 

local t h e  of apogee for each of the satellites charaged by 

1 degree per day in the direction of decreasing angle due to 

the m t h  of the earth around the sun. -re, due to 
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TABLE 11-1 

0W-I OGO-I11 

Launch date September 5, 1964 Sune 7, 1966 

Height of perigee 280.5 km 295.3 km 

Height of: apogee 149,408.5 lan 122,219.7 kro 

Inc3inatj-an of eqwtor 31.11° 30 . 97' 
Incaltineofapogee 2100 hrs 2300 hrs 

Orbital period 63.98 hrs 48.63 hrs 

spin period 11.85 96 see 
(variable) 
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the large apogee of the satel ites, the interaction of the 

sun and moon w i t h  $he orbits is rather large and therefore 

rapidly for ooo-1; it hcreases 

111, After two years of operation 

perigee for -1 is and after one 

igee for oG0-111 is a b a u t 1 , O O O  km 

of ebe orbit also increases with 

s in the orbit will 

which cOrreSpOnd to 

discuss the mechimica1 arid 

sf UM! e1-m 

whi&hasthe 

is referred to as the body 

in describing the location 

x, y and z axis 

face of the raft sa& khat the look direction of the 

in the y-2 plane and makes an angle 

of 10" with the -2 axis in the directm * n of the -y axis, 

$hat is the look veeLofp 

* 
= -,174 jB -,985 ];B (11-1) 
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howthe 

data system has 128 nixie bi t  words allotted to varsxxls 

experimenters, Of these 128 words, five were assigned to 

the spxtmwbr; these words are mrd nuanbers 116, 121, 122, 

123 and 124, are noze W d  inclusive be- the 

beginning and end of a s p e w t a  readout. The spacecraft 

has three basic readout fscsquencies: 1000 bitsfsec, 8000 bits/- 

and 64000 bits/sec. The spacarcraft-hastwo completely 

&&pendent data systems,each of them capable of operathg a t  
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any of the three frequencies. The data could be tsansnitted 

to ground stations directly or it d d  be stored on an 

onboard tape recorder. In the data storage mode only 

1000 bits/sec muld be used, Both data systas oould be 

operated sinniltaneausly, m e  trrmsrm "tt* direct ly  to the 

gr0l;md station at any of *.three fnquencies and the other 

storing data on the onboard tape recorders. 
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A, Design and ConsMon..of- the Magnetic Analyzer 

The primary constraints h the design of the ekctranagnet 

were weight, p e r  and stray field- lWtations, Since ten 

pounds was the-wtxhmn tatal weight allotted to the experiment, 

only --three oauld'be used for the magnet. This 

indicated that the dimensions of the magnet be on the order 

of 5-6 an,. !Be pah~er allotfed to the .experixmnt was 3.5 watts 

and since a high flux is need& i n  the gap and -since only 

a lhited- amaunt of: n0ppe;r: w i r e .  could be used. because of 

the weight mxistraint, tihe magnet was designed w i t h  a 

short duty cycle, A further.requkmnt stating that the 

stray magnetic field of the-expe;lcement ut be less than 

10 y a t  three feet  requin& that the magnet be aompletely 

enclosed in soft iron so as tcs-cmtafi the flux, 

low leakage flux reqxhamt dictated the use of a cup- 

CQre design, 

This 

The scienfAXic requir- w e r e  that it be capable of 

bending electrons of up to 4 f&v into the  detector and 

that it have a large cum of 

properties of the magnet shaald ,be .such that  given a large 

entranc?e -e, a l l  t b  electrons entering the magnet 

at the selected energy should strike the detector. The 

f 0 I . l . a  paragraphs describe a magnet I,&.& satisfied 

these design Criteiria reasonably w e l l .  

The focusing 
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the magnet daub will be & s m W  befw, 

A cmpletely cbcu1a pole face has, of course, m 

speciaL focus 

The magnet must be des 

number of electrons of a given energqr to reach the e x i t  

si it $s in fact quite defocushg 

ta d l a w  the largest possible 

slit, The horizontal focusing was 

ray tracing the magnet* Figure III-2 shows the 

cted by geanetricdl 

gemetrical pays traversing the &k used an GO, 

The v e r t i d  ing was the calculations 

of Gross ~ a . 9 5 l ' d O  

A t  best, the ray trac ealdations axe only 

on the fact that the gap mugh grsesses,. since 

between the pole €aces 

the size of the pole f a x .  

be Small in OOmpariMMl to 

FOX= oup magnet th is  ratio is 
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about ,2, an extremely larye ratio, The focusjng properties 

of a prototype magnet were tested using a beam from an electron 

accelerator capable of pr0aUei.n~~ a 1 an diameter beam w i t h  a 

current of IO-’ amperes,  his large current enables one to 

observe the beam on an alminun target painted w i t h  W i l l a m i t e  

(a substance which fluoresces when struck by electrons). 

Figure 111-3 shows how the focus- properties were 

detemun ’ &, A monoenergetic beam which covers the entrance 

apertum is allowed to enter the magnet and is observed at 

positions 1 and-2 w i t h  the aid of WiUadte targets. A solid 

object (a piece of metal) is placed in the beam a t  the 

entrance aperture a% several places and the location of the 

shaduw is m%ed. 

locates the focal point of the magnet abaut .5 an inside 

the exit aperture, 

the foeus being slightly nearer the target i n  the horizontal 

direction by about .3 m. 

From M s ,  a s-le geae%rical consideration 

The magnet is sanewhat astigmatic w i t h  

B. Magnet Calibration 

The f i r s t  calfbration of the mgnet must measure the 

magnetic field B as a function of current I, This b done 

us- &I accurate xnipl-ter and a Radio Frequencies 

Laboratories (R,F,L,) gauss meter, l%e gauss meter is accurate 

to - f 3% and the m i l l i a m e t e r  to about - f 2%, Figure 111-4 gives 

the B vs, I curve, This calibration shows tha% the magne%i.c 

field is a linear function of current and that the 

hysteresis of the magnet is very small (zero intercept), 
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We have that 

B = 2,89 I (111-1) 

where I is the current inmilliamperes and B is the ma@c 

field in gauss., 

respanse of the magnet. The 10-100 Kev accelerator provides 

a parallel beam of monomayetic electrons which are allawed 

The sec017d calibration obtains the energy 

to enter the magnet along the axis of the collimating slit 

and are detected at the exit slit with a fluorescent target., 

Figure 111-5 gives the experimental points of E vs. I for 

the 0GD-I maqnet. We kncrw that the mraentun of particles, 

pc, pass- through a magnet, is proportbnal to B so we have 

(111-2) c21 pc = clB = 

W e  also knclw that the kbetic energy E 

2 where moc is the rest energy. So we have 

1’2 2 2 2 2  E = [(c21) -I- (m c 1 inoc 
0 

(111-3) 

(111-4) 

A best f i t  solution to th@ experhental points on Figure 111-5 

gives c2 = 3-14. 

Hence 

2 2 2  112 2 
E = [(3.14 I) -t (moc ) 1 -moC 

(111-5) 
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* t (111-6) R% I.. e;xp(-x) * sin - - -  
Ix: 4x4 
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where Vo is the hkbl voltage, L %he hductance, R the 

resis.eance, c %he capacitance, I the curzent and t we time after 

turn onm 

L = .5 henry, C 

one gets 

Subst5tutbq the.cirCnit constants, R = 12 o h ,  

5400 plf and Vo = 30 volts into the equation, 

I = 4 e-12t sin 15t amperes (111-7) 

This gives an oscil circuit which is rapidly danq?ed 

to I = 0, Far analyzing electrons only %he rising portion of 

the curve is used and %he capacitor is disamnected shortly 

afeer the magnetic field reaches its nraximm, Taking the 

first der , se%t* it to zero 

= - 48 e-’*t sin 15t + 60 e cos 1st = 0 d t  

tan 15t = 1.25 

t = .06 

one finds that the-maximum is reached about 60 milliseoonds 

after turn on, 

are B /8n ergs of energy % stored i n  the field 

When the capacitor is disconnected, there 
2 

6 = -64 x 10 ergs 

= -064 joules (111-8) 
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The resfs4dve energy loss Er h the coils of magnet is 

06 
_j - 

0 
R(IE(t) 1 d t  

(111-9) 06 
= 12 0 16 e -24t sin2 15t d t  = 1,22 joules 

0 

Fran this, one sees that-the.energy lost as heat is much 

greater than the energy stored in the field and hence no 

at- is made to. mcmer'the small. amount of energy stored 

in the field. The energy .in the capacitors before discharge 

is Ec 

2 
".- Xi2 C V: = 1/2 x 5,4 x lom3 x (30) 

= 2,43 joules 

t 

The eneqy after dkhrge  is Ec 

I 

Ec = Ec - Er - % 

-D 2,43 - 1,22 - .06 = 1,15 joules 

V' = [2 E ' d c ]  112 

-3 1/2 = [ 2.3/5,4 x 10 3 

(111-10) 

= 21,3 volts 

Wt is, after the magnet disconneGts, the voltage on the 

CqpaCita  w i l l  be 21  volts and only 1.28 Watt-SeC Of  enerq! 
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must be added to recharge-the-capacitors, Tkis recharging 

takes abaue 2-5 so Sinceathe circuit is so simple 

the -1 magnet must be.vwry close in performance to the 

abcwe Capcsrhticms, a s  is indeed so, canbhing equation 

(111-1) 4 quat ion (111-7) we haw 

B = 11560 e -12t sin 15t (111-11) 

9% 

wen are p’lotted in Figme 111-7. The e x p e r k t a l  curve 

was measured whg the R.F,L, Gauss meter, which has a 

frequency response of one kilocycle. 

The magnet &ScrW above has two cxxnpensating devices 

in series. 

temperature 

One i s  a thermistor resistor network for 

sation and the other is 50 turns of #22 

wire to oppose the stray magnetic field, The temperature 

capensation network consists of a thermistor, having a 

resistme of 2,s ohms at 20°C and a resistance of 5,3 ohms 

a t  0@C, in parallel w i t h  a 5,6 ohms resistor. ‘This network 

gave the magnet a resistance of 1 4  + . 3  ohms frcm -20OC 

to +45@C0 (See Figure 111-8) e 

Ameasur-t a t  the magnetic test site a t  Goddard Space 

Flight Center 

mgnet exceeded the specifications given by NASA. Therefore, 

it was necessary to attempt to cancel the field by adding 

a field in the apposite direction, Two mils of wire 7 cm 

that the magnetic field outside the 

in clhmeter and 25 turns each were added in series to the 

magneb and positioned outside the imn core coaxially w i t h  the 
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magnet such that their to 

themagnet, w i t h u s  , it was possible to reduce 

the stray field by a e Themaxhumstrayfield 

was found to be abaut 30.6 a t  3 feet, an acceptable value. 

Figure 111-9 gives the field as a function of time 

before and after the addition of oompensating coils. 

C e  Design.arndcQns 

a n s ~ h b  on the design of the detector 

ere: 

1, 1% TLIpIs& me as up^? el s frem 50 Kev to 4 MeV 

efficiently, 

It mus% have a Icw efficiency for detecting 2. 

6 3. It lrlust. ]be caWl@ of handl up to lo counts/Sec, 

pIP to lo5 emmts v!rihout significant dead timR loss. 

r n d t i o n  a 

COuntRT or progxxtiod mmter since these are generally 

, for example, not: useful 10 cwnts/sec, We 

during peak rates 100 c/smpl.e b. chillnnel 1, this co~sponds 

s out any type of end wb."urdow geiger 

4 

to  a rate of %,6 x lo5 comts/sec, No geiger munter 

sckiirn 1ade or ces 1s are ruled out 

l33ca- of large e f f i c i a q  for x-rays near 

50-100 Kev. These detectors are also &te slow and are 

not capable of giving u sec resolution. 
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P , h s ~ c  schki1lation crystals have much more acceptable 

properties, These crystals give off their light in less than 

*05 plsec andahell- the high mun%-rate criterion. 

mix efficiency for 

efficiency of N& or -I c r y s t a ~ s .  A 1 an2 thi@IJcness crystal 

fing x rays is much less than the 

of plastic has a de 

x-rays, NaX and CsI t loo%, and a geiger counter 

about .sol%. tipPier andawhcbw 

discriminator amd 

SchtiPlaeQf. light mtput, 

out to be -very impmtimt. Most of the bremsstrahlung 

efficiency of about 10% for 100 Kev 

a pulm height analysis on the 

Pulse height analysis turns 

is at Pcw energies and is p m d u d  by high energy 

electrons: for-?xzna-ly, in the radiation belts the low energy 

fluxes ase higher than the high energy fluxes, Therefore, 

if w& wish ts measwe law fluxes of 1700-4000 K e v  electrons 

the b r e m s e a w  fXux a% 1700-4000 Kenr fs also very low 

providing we disriminate against pulses produced by 

brernsstrahluq having energies less %han 1700 Kev ,  Usirrg 

a window discrbnim~r we count only pulses which correspond 

channel currently being analyzed. 

bramsst . r&~ and also the 

particle 

Using the pulse height analysis technkpes and heavy 

shielding it is~possible tc, use a deteckor having 10% efficiency 

for x-rays. . 

by Pim5ting the band w i d t h  of the detector. 
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piper is a 2.8 an low and 1 cm diameter glass qJ.inder. 

!ole s light pipe was made? fran dense f l in t  

f m  a m m  scientific elass 

had thes follawirag prape?rties: 

of California andl 

Haywaxti S C i ~ t i f i C  Tyge DF-3 

specific gravity 3,62 

index of r e f r e o n  1.62 

Glasses having specific gravities up to 5,Olwere available; 

l-mweve, these glasses qm mry y e l h  and quite opaque to 

the blue light of the scintillatLon cpyst=aE, The light p i p  

of DF-3 material had a th+Lckness of 10 rpn/an2, This is 

1/3 less than the shielding e1-e; hawever, the openhg 

in the tungsten shielding for the light pipe mbiiends an 

angle of less than 1% of the total 4sr solid angle, Therefore, 

for a l l  practical purposes the detector was shielded by 

15 snJcm2 of tungsten on the sides and by more than 15 gm/a2 

of magnet assembly on ttae front. Care was taken to des- the 

shape of the tungsten shield such ehat any given path 

through the tungsten and other rmWi.al is just greater than 

1S sm/an2, %is aceouzlts for the r e d u d  diameter of the 

tungsten shield at the w- end. A 1 4m/cm2 thickness 

of aluninm was added to the shield to reduce the production 

of x-rays in the tungsten shield. 

The photobb nexessary for detection of the light 

output must be able to distinguish 50 K e v  pulses fran the 

dark current mise of the tube, !Che tube must also be 
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shield. 

The tap face of the crystal must be to 

electrcozs, but opaque to lighto -In order to be classified 

as trampirent, 50 Xw e-r-mld lose no mopce tb;F2n 

5 KJev of energy in passing thmugh the light tight layer. 

-, this layer should be highly reflective such that 

the light will be reflcx7td dawn tr, the photmwx, 

aeeidedtousea 

and hence does not scatter ele&mns as strongly as, for 

we 

plating beaause Al has a law 2 

, gold, A l ~ m  is also rather easily plated in a 

MclfllILL, A 20 t0 25 a1 l3ltlg~ten f & A t  Was US& a0 

evapoxaba the dluninun, !t?ungsten is soluble in'alkm5.n- 

filaaaent had to 

to prewtnt the aluminum fnan spattering, a problem that was 
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avoided by keeping the evaporation heat law. One also had 

to use care to prevent the plastic scintillation crystal fmn 

melting, the softening temperature of plastic is -6OOC. 

By keeping the crystal at least 6-10 inches frat the filament 

softening of the GryStal~Was p m M .  !Fhe plat* was done 

in a large. bell j a r  which could be evacuated to l O + j  - lom6 rn Hg. 
-rally, any’prersqum nm of p m ~  adequate for 

plating, H i g h e r  pressures caused. a darkening of the plating 

presumably due tu sputte~isq &the alxmixxm. 

The thickness of the pl~t ing  was experhnentally determined, 

rite geanetxy of the crystal was fixed w i t h  respect to the 

fil-t and a fix& amcrunt of alrxninum was ‘put on the filament. 

All #e aluaninum was then evaporated from the filament, 

This evaporation process was then repeated six times and producc3d 

a coating of measurable thicktress. The plating could be 

peeled fran the crystal face and measured with a micameter, 

The thickness was found to be 0,0001 inches w h i c h  is about 
2 7 gn4afi of zu and c o ~ e s ~ ~  to an loss of 

15 Kev, 

doing only t w o  plating processes corresponded to an energy 

loss of 7 Kev which is an aocep.Eable loss. 

work was done with the thicker platings which were much 

mre opaque to light, but it WEIS found that thEi mating would 

pel  away francthe crystal face due to the differences in 

thermal expansion, after cycling these crystals fram -25OC 

to +45*C at a rate of ten degrees per hour, The thinner 

Reducl.eng the thickness to about 2 x lom4 &an2 by 

!%me eqerimental 



to obtain, lift& much care to  prevent 

frcpn setW.ng m %he crystal fallming cleaning and after 

many attempts an occasional l ight t ight  crystal. was obtained. 

When this crystal was then assembled the face of the crystal 

had to amtact a rubber gasket or sate other such boundary 

and the Light t ight  e a , l  wcnald sum be broken, 

not ham during assetnbly it was sure to h a p  during- 

vibration testing and hence the idea of a light tight coating 

If  this did 

was abandoned, instead the crysw was coated w i t h  about 

1-2 x inches of alLnrtinum, %s thickness is light t ight 

except for any small pinholes, 

to electrons Whg an energylo6s of less than 5 Kev, To 

make the assembly light tight 114 m i l  aluminized mylar was 

It is also " t r m ~ m t "  

glued zrcress tfie entra=txe, slit of the detector assembly, 

mylar side dawn, The e k t r t a i b  lose appnrcosim2ltely 10 H e v  

in the aliminized mylar. "his makes the total energy loss of 

the3 e3ntrance W i n d a w  appzxxximately 10-15 Kev, This energy 

loss is more than we had hapea but it was evident 

that this was the only reasonable solution, A test of the 

detector system shoed that the mylar window did indeed 

for mest=- 50 Kev electrons, but 

ptmk was still d i m  le. 
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have pinholes, the detectors were? tested to be light 

under intense &e& light, 

!RE. sides of. the. crystal as’ well as’ the. sides of. the 

glass 3hM.d had 

collection at Lhe photcxathode is a maximum. 

types of reflective coatings, ane is diffusive reflection 

using BQO puwder w i t h  which any light not reflected by the 

surface of the glass is diffusively refleeted back into the 

detector system by the patisder; the other is the method of direct 

reflection in which the sides silvered wfth zdmmimm reflect 

be made Mlective such that light 

ThEtre are two 

The top and SW of the detector and the sides of the 

light pipe silva& w i t h  altznimm, A f t e r  silvering, 

the detector and light pipe were mwnted i n  the tungsten shield. 

The entire a s d l y  was potted in Silgard 182-which was 

thcmqhly oplt~asssd in a vacuum chamber and then c u r d  mer 

night at 45°C. The alunimrm busing part #2 (see Figure 111-10) 
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Since! the photocathode was operated at high voltage, 

there was a tendency for the pho-tbde to  arc through the 

glass and potthg cmpotmd to.the pb to tub  shield, 

was solved using a sufficient thickness of the potting CqtlEXrund 

bebeen the detector and pho- and bebmen the pbtotube 

and the tube shield, A thickness of aboutl/l6 inch to 

The! problm 

l/8 inch of Silgard p m d  to be thick enough, Thicknesses 

less than 1/16 of an inch cawed consi&&le a%tchg, To 

ensure the proper thickness after potting Nylon spacers were 

placed betw;een the tube and tube shield and between tube and 

the detector,r, The interface be- Lube and detector was 

potted w i t h  clear Silgard 182 and the space between Ne! and 

kxbe shield as w e l l  as the divider chain were potted in black 

Silgard 183, 

and a l l  bubbles were removed in vacuum before curing in the 

All SUgiUrd used was ccmpktely out-gassed 

men* 

This carq?leted the detector assembly, After assembly 

the gain of the detector was checkid for changes in gain as 

a function of p ~ s s x e ,  Any irregularities would indicate 

an improper interface between the various optical 

canponents of the system, The assembly was also checked for 

noise characteristics. 

electrical leakage in the divider &ah, The assembly was 

furthennrre observed for arcing between tube and tube shield. 

Such an arc would give rise to extremely large ragged pulses 

at the anode. I f  the assesbly d9d not meet the above reqire- 

Large tube mise would indicate 
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ments, it was disassembled, cleaned and rabuilt. 

D. I%&ectorCalibration 

one@ t%re cxxE&ru* aryl stability of the crystal photo- 

multiplier assembly had beell verified the - of ths 

system had to be found, The most critical region was the 

region near 50 Kev; 50 Xev is the approxhte lMt of 

detectability using a plastic SeintilWion cryst-nl. !%erefore, 

the; geawtry, de. characteristics and l ight collection must 

a l l  be favbrable in order to separate tht? 50 Kev peak frrm 

the mise, For this work ule snall 100 Hev electron accelerator 

was used, 

The detector assembly was placed into the beam and the 

response of the & W r  was o b t a W  for l a w  

Figure 111-12 gives tihe curves for the response of the detector 

for energies frcaz 50-100 %we 

ies, 

One can see that a t  50 Kev the 

peak is just discernible frat the mise, whereas at 100 Kev 

tbe peak is we11 s m a t e d  f r c m ~  noise;. 

In order to the;.sequence of m t s  zlecessary 

to calibrate the detmtor one must m d e r s w  the operation 

of thR amplifier and window discrm-. The an& signal 

f r m  the phototube is split, e going to a gmtmded base 

Stage "p~mnpLif%&' (See 111-13). The output fECXn 

one of these gmunckd base stages goes to a test output-jack, 

the other is fed into a switched divider: network that acts 

as a gain change r&mrk for the f W  gain charge sensitive 

mplifier and fixed windan discriminator. The &tching of 
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the divider nelxork is c m ~ l l e d  by t he  m a t i n g  lqic 

are open and none of the signal is shunted to ground 

(see Figure III-13) e For channel I1 switch S1 is closed, 

far channel 111 switches S1 and S2 are closed, for channel N 

are closed. The closing of ea&succes5ive switch decreases 

the signal reaching the amplifier by appraxbately 2.4. 

The exact value is adjusted to take into aGcxlunt the actual 

ellelcgy response of the de-ctor system, 

Since the gain of the amplifier is fixed the voltage of 

the photob&e is adjusted such that the overall gain of tfie 

system with all the switches open de-s the laer edge 

setting of channel I, The upper discx-tor set- is 2.4 

times that of the 1-r 'discriminator setting. mefore,  

the energy w h d w  location for channel I is detexmined 

exclusively by adjusting the photot&e high voltage. 

!J!hewindaws for channels 11-V are calibrated by adjusting 

thei? shmting resistors R1 to R4" c3laMels 11-V must be 

adjusted in onkr,  the lawe 

adjusting the smaller channels affects al l  of the larger channels, 

c&anm?l first, because 

c)ne of the first figukes necessary for the proper 

adjustrmnt of the discriminator edges is the pulse height 

respanse of the detector for mnoemxgetic electsons f m  

50 K e v  to about 2 ludev. 

obtabable frcm the accelerator, 100 Kev to 2 Mev slectr- 

50 K e v  to 100 Kev electrons are 
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are available frcm the selecbr magnet using the magnet energy 

calibration of Figure 111-6 and a Sr-90 sou~c3e. All pulse! 

heights were meamred using a Muclear D a t a  1024 channel pulse 

he&?& analyzer (only 256 channel reso1ution was used for 

each measurment) 

gain amplifier was used to amplify the signal to 3 volts for 

pulse height use, V&rious gain settings were mmssary to 

m r  t h e  large range in pulse heights and still remain in the 

pulse height analyzer's linear region of mspmse. A l l  

pulse height mas-ts wetre transformed to a single scale 

us+ the intercalibration be- the various gain settings 

of the amplifier, 

magilklL was the Sr-90 sou~ce which has a spectmm deper&st 

an energy, This spectral aepeflaenoe was removed and the 

c\lTw3s- "zed to a w h i t e  source. Figure 111-14 gives the 

pulse height distribution for various magnet cument settiings; 

it also mtabs, for canparison, the 100 K e v  pulse height 

distzbution frat Figure 111-12 (aottierl lheb Us- Figures 

111-6, 111-12 

vs, energy calibaration for the &tector syst.em, The 

calibration cuwe is plotted Figure III-15, Each 

experhhl  point is labeled as to its scxvce of -t, 

The figure also contains calibration points determined fm the 

&-point energy of Sr-90 (2.2 Mev) and the i?nd point energy 

of C1-36 ( .71 M v )  as nwmmred by the detector system. All 

A calibrated, charge sensit5ve vzuriable 

The input sour'oe for the magnetic selector 

111-14 one can get a canplete pulse height 



58 

m z 
0 
I- o 
W 
J 
W 

W 
I- 
C) 
w 
-I w cn 
> 
-I 
J 

a 

n 

a 
!2 
I- 
w z 
c3 a 

I I I I I I I I I I 

I 
I 

z a 
m 

a 

e 

W 

2 
0 
I- 
C) 
W 
1 
W 

> 
W 
Y 

0 
0 - 

I 

I 
I 

t ,  
I I I I I I I I I I 
0 IC) - 

3 1 W M  l N n 0 3  3 A I L W l 3 M  

3 
3 
2 
2 

3 
3 
0 - 



59 

l0,OOO 1 I -  ' I I I r i T i i  I I 1 1 1 1 1  I I I I I I I I  

I O O J  
901 '0° 

* ACCELERATER VOLTAGE ( keV 1 707 f 80 
A MAGNET CURRENT ( m a )  

J 6 0  
.' 50 CHANNEL NUMBER 

LJ+~+m-t-=-LY+ 
10 ' 1 I I 1 I I l l  I I I I 1 1 1 4  e I 1 I , I l l  

IO 100 1000 l0,OOO 

E (keV1 

Figurn 111-15 



60 

points fran the three different sawoes. of electrons f a l l  on 

a single w e ,  The curve is linear abcrve about 130 Kev; 

belm 100 Kerv the curve becarue?s qui te  non-linear. This 

non-linearity is due to the losses i n  the light tight window 

which are no 1 q e r  negligible and the inheren t non-linearity 

of scintillators for very -11 energy losses. 

are 

set 

the 

T h  StwS fOr the five -1s Wl-W5 

also h%.cated on Figure 1x1-15, W2-W5 ape? @te easily 

because of the 1iIlea.r r e v e  of the system and because 

w i d t h  of the pulse height distribution fram a momenayetic 

electron kern is d b  

H c x ~ w e r ,  for channel I the pulse height distt5bution for a 

mommerge~c beam is as wide as the window itself. 

tr, the channel width. 

The 

edges for this whdw were set such that the efficiency for 

detecting 50 Kev electrons arid I20 K m  eleetuans is about the 

same and such that: the peak efficiency is a t  about 85 Kev, the 

middle of the energy window, This reasonably symetric 

response g i e s  an efficiency calibration that is quite 

b%per&mt of speCennn, 

end then the efficiency varies strongly between f l a t  and 

steep spectra, 

efficiencies of w i n d m  I through window 'V, 

If  the efficiency is peaked near one 

Figure 111-16 is a plot of the rehave 

once' the win- edges w e r e  set the gain switching of the. 

amplifier mast be synchmnhxd. to the magnetic field, The 

-tic field is a fwu=ticm of t ime  

B = B (t) 



61 



62 

Figure 111-7 gives the magnetic field as a function of time 

and since trl& knuw a t  what field strengths we cross from one 

channel to the next, the times at which the gainmust be 

Switched are accurately knm, Table IIId sumnarjizes the 

conditions when the gain of the amplifier must be switched 

frcm one window to the next. The logic contains a 64 kc clock, 

which XESE&IS seable to ,1% f m  .-20°C to + 50°C and ~antrols 

WS dtxi3xkq operation, Table 111-2 and 111-3 gives the 

seqynce of events that are fiitiated when this clock is 

tupned onc All events except B ( t )  i n  the analysis cycle 

are controlled by the timing of 

B(t) is determined by the electrical. constants in the R& 

circuit and since FCL 

magnet m e  is accurately repeated each t h e .  A 

background xwmxdng cycle is the same as the data cycle 

except for step 2 

started and B = 0 for the @&%re cycl.e, 

64 kc clock, 

and vo are teqeratupe stable, the! 

Tablet 111-2, The magnet sweep is not 

The repitition rate of the dbcwe analysis cycles is 

controlled by a cloek having a perid of 1,4 seconds, This 

clock remves the 64 ke clock lockout once every 1 - 4  seconds 

and an analysis cycle begins. 

binary scalws which &*A *%her a cycle is to  be a 

data cycle, a ba- cycle! or a syne cycle, These 

three scalers constitute a scale of eight, Cycles 1, 3, 5 

It also drives a set of 3 

and 7 are data cycles, cycles 2, 4 and 6 are backgxmd cycles, 
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Analyzing 
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Time 
(-1 

-32.00 

0800 

1.63 

2822 

3053 

5,84 

13. E5 

64-45 

TABxB 111-2 

Secpnce of l3vents during an Analysis Cycle 

B 
(gauss) 

20 

20 

208 

327 

547 

963 

1909 

4000 

E 
I-) 

- 

- 

50 

120 

290 

690 

1700 

4000 

Stop magnet capacitor charging 
!ham on amplifiers 
Turnon lagic 

Initiate channel 0 data transfer 

Initiate channel I data transfer 

Initiate channel I1 data transfer 

Initiate chamel 111 data transfer 

Initiate channel1v data transfer 

Initiate chamel V data transfer 
Turn off magnea: 
Re¶umR? r@adout lockout 
Turn off amplifiers and logic 
E&- magnet capacitmr charging 

NOPE: !Fhe seqence of events for the channel i data transfer 
cycla? is listed in Table 111-3. 
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TABLE 111-3 

1, 

2, 

3. 

40 

5. 

60 

7 ,  

8, 

Charmel i Data Transfer Sequence 

Transfer contents. of. scalers .to ISR 

Ramve data transfer inhibit, start accumulating data in 

for &armel i =+ 1. 

Shift ISR un t i l  hiwst order bit  is a me or u n t i l  a 

maximm-of 7 shifts has of2cwmd 

TraElsfeP.6 high bAts of ISR to 6 law olcder bits of 

tzharm@l i storage 

Place 7*mber of sMts in* We 3 high r bits of 
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and cycle 0 is the sync cycle, During the sync cycle the 

Intermediate Shift &gistex (ISR) (see next section) is p m t e d  

from shifting and hence thesapper 3 bits of the five! storage 

registers are set to onat, This orlould cornspond to an 

wmasombly lazge nmber and hence is a useful unique sync, 

The sync is necessary in order to separate data frwn 

backgrollnd when the t w o  might be equal and is also l-lecessary 

for aanptlter reduction of data, 

Eight ccnplete? analysis cycles w i l l  be called a data frame. 

Each analysis cycle stores data in 5 nine b i t  words rnrrespondfng 

to the five e?m?rgy chann@ls. The first analysis cycle is 

suppressed and replaced by the sync cycle. The remaining 7 

cycles are data gathering cycles which alternate be- electron 

mmmmment and- background measurement as described in the 

previouS paragraph, 

E. Data Transfer t o  the Spacecraft 

The data gathered by the experiment is h k b l l y  oollected 

a 13 b i t  scaler. This scaler transfers the data to  a 13 

b i t  shift  register, the hte-ate s€xLft register (ISR), 

which changes the data fran a 13 b i t  binary number to a 9 b i t  

floating paint number, The six l o w  order bits of the 

9 bi t  number mnstitute the mantissa, m, and the 3 high order 

bits constitute the floating point exponent n. The number 

N may be represented as 

~ = 2 n - m  
in floating point format, The ISR changes the 13 b i t  numbr 
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to a floating point by l e f t  shifting &ee shifting bits to 

higher order) a maximcDB of 7 times or unt i l  the highest order 

b i t  of the ISR is a me, The high order 6 bits in the ISR 

thenbeccmetheman~ssarn, and 

n = 7 - number of shifts. 

This number n m is then stored i~ the appropriate storage 

register for the given channel. 

Data stored in these storage mc&kers is read out by 

the spacecraft data system in serial form, The two data systems 

of the spacecraft are aanpletely indepem-t and both may 

be operating- s i m u l m a l y  and hence the yeadout logic of 

the exprimmt- xmst either transmit data to- only one data system 

at any given t ime  or xnust'mtain 

data output transfer systems. We chose the latter since 

this W i l l  give us greater redundarrcy- and a l l aw us to obtain 

the data both via the onbard tape recorder and via real 

the  telenmtry, The double data reception is useful in case 

t heda ta f r am PIlOde of .txmEmx ossion is of poor quality. 

Ebr this xeasan t redundant output systems were 

designed for the The spacecraft supplies to the 

experiments "shift pulses" which colrmand that one bit  should 

be transfe 

are also supplied to* tfae.varions experiments "inhik5t pu1scsis" 

which 

to spaaecraft: Tkre next Irirre! "shift pulses" must then be 

used to transfer the Tm!W specified by the izlhibit pulse to 

b m & t l y  apwating 

to the spacecraft frcxu SEXIIIE! 

'that's specific m3fd be transferred ~frakl3axperbt 
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the spacecraft, The spctmneter has five inhibit pulse 

l i n e s ~ f r a n ~ c h o f t h @ ~ d a t a s y s t e n r s o f t h e ~  

craft, Each of the five is.identified with a given word 

which corresponds to a given-channel. 

when the-inhibit pulse for a given word is received the 

c!ont@rlts of the storage register 0axree;iPofidirag to that word 

is transferred into the ou tp t  shift register (OSR$ fox that 

data system, Inhibit 1emt is then imposes for the word 

of t h a t  data system such that data canraot be transferred from 

storage to the OSR of that data system agah until  lockout 

is zemved by the ammalation of new data, Once! the data has 

been transf:red to the OSR, the " a f t  ~ s e s "  s g f t  the data 

one bit  at a time to the spacecraft data system. If data 

has not been transferred frrm storage itue to inhibit lockout, 

zeroes are transferred fm the OSR to the spacecraft, 

indicating an unsucxessful readout and no new data. All of 

the data gathered by the detector is bias 

that a successful readout of zero data dif€ers fKnn an 

unsuccessful readout (e,g, zero data is transferred out as 

a one). 

that at least one canplete readout attempt by the spacecraft 

is possible between data cycles. This constraint of a t  least 

one aceadout between successive analysis cycles determines 

the maxinnm rewith rate, We must have at least one 

cxmplete madout between the end of one analysis cycle arzd 

by o m  such 

The! reptition rate of new data received is such 

the3 stast*.of the cycle, S h e  them are 9 words 
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= ,081 sec 1 
bits 1000 bits/sec 

€or a ccmplete readout, There are 128 x ,009 = 1.152 seoonds 

betwmn succ#=ssim- readouts, Therefore thE3te must be 

1,152 3- ,081 = 1,233 See0srd.s-bma the end and start of 

the analysis cycles. An arzikysis cycle repires ,IO seconds 

and hence there nust be at least 1.333 Seconas between 

succe3ssive analysis cycles to ensure at least one readout 

at the? lowest bi t  rate. 

The storage registers are acmtw>n to both of the data 

systems. Either or both 06R's may read otrt the storage 

registers since the readout is non-dEtst+llcti ve, The OSR's 

are capable of transferring the data at either 1000 bits/-, 

8000 bits/sec or 64000 bits/sec, There is no cross talk or 

htemcmnect~on be- the two C)E;R*s and hence all possibze 

ccmbinafim of frequencies and phase shifts between the 

txo readout sy is peml&ssible. 

The-rxxl-t "mode has mrkd quite we21 and has 

provided us w&th- €ull fAmw coverage whenever either the 

tape2 reoorder or the trandtW was turned-on. oftetn thfz 

noise he the tape r e m e r  data served as an dfective 

backup. 
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The spacecraft also supplied the exper w i t h  +28 

volts of power, The 28 volt line can vary fran 22 volts. 

' This varying input power was-rqulated and trans€onred into 

the variouLs voltages n e d d  by the experiment, 

A l l  electronic circuits weire designed and co- 

a t  the Wversity of r&mesota Physics Department electronics 

t rays,  one boartl on each side of the t ray,  ?Tiis f l a t  

aonstmction allowed o m  to easily modify and repair a 

circuit. Figure 111-17 shaws the assembled experhmt and 

Figure 111-18 shows one of the four trays containing the 

entrance slit, magnet, phoMtip1ie.r  and high voltage pawer 

supply, The four t rays  onto which both the electronics 

and expe rbn t s  were-fastened wexe then bolted together to 

€om the capletel experiment, The magnesium trays which 

were cut €ran a block of magnesium were anodized us- the 

"Daw 17" process to prevent the oorrosion of the n\irgnesium, 

llre cxmpleted experiment was subjected to numerous 

envjiramaental tests a€ter assembly and calibration. The 

f i r s t  of these tests was a vibration test in wkricfr the 

experhmt was  SnbjecGed ta sinusoidal accekmtions and 

this test w i t h  arry of the six un"ruts* we had anticipated 
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same! difficulty w i t h  the pbtotube; hcwever, the tube was 

massive magnet w h i c h  p-ly effectively dampend the Tfibrat=ions. 

The gains an& calibration of the units ere  the same before 

The second envixxmmtmtal test was a t h e d  test. e 
required that the e x p e r k t  function fmm -20°C to +50"C* 

all logical operations as well as the detectmr system were 

obsemed for propep m a t i o n  at 10" intervals, The gain 

of the dxsteamr Systrsn remaulEtd stable, however, only fram 

O°C to 40°Cm Outside of this interval the gain of the 

phototube began to change rapidly. !Bx limits 

set by GSFC for the ~ ~ t - w e r e  +5"C to  +3S0C and hence 

the interval of stability was quite acceptable. D&ng the 

operating life of the spacecrafts temperature in the 

25" - f 2 O  C and hence the thermal calibrations axe not used, 

The only major problenn ta arise during temperature testing 

was the repeated failure of Transitmn type 'IPIID 2017 diodes 

in the logic during temperature cycling. The differences 

in the coefficients of expansion of the d%&s and the 

epaxy coating of the circuit b z d s  caused ule diodes to 
P 

by !Texas Instnmlt?nt Cogpoxation glass encapsulated diodes 

and the problem was solved. 



laboratory, Again no difficulties arose! daring these tests. 
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strength of the %me, Je, was detexn'dned by measwbg the 

ntmber of electrons, F, lesdng a 00% slit and 

~ V i d i n g  by the gt?taneW factor, 6, of the slit 

Je 3: F/G (111-12) 

for tbe? magnet when. the magnet current, P, is set -fm 

500 mil s c  we know that for OUT t the magnetic 

f b l d B  Q I and, furtbexx~re, that the rigiaty p a B Q I, 

aard in rigidities transmitted is 

Ap = (eu - ea) I =t c I. This 

is 

that the spread in rigidities 

and hence the half width of 
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the Gaussian distribution is a linear Eunctzon * of the current. 

-re, the rean rigidity of particles transmitted 6 a I. 
m,' we w r i t e  for the efficiency for transmitting partic- of 

xnawnttm p at tbs magnet current I 

Since the full width at half maximum for the Gaussian is 187 kv 

when I = 500 ma, a1 = 112 kv t&en I = 500 ma and therefore 

we have 

a = ,225 kv/iua (111-14) 

Therefore 

The count rate, R(I),  at the exit slit at a given magnet current 

I is 

R(1)  = E(P,I) f (p) dp (111-16) 

.. 
we may find t h e ?  value of the cxmstant A by performirrrg the follpwing 

htegmtion 

(111-17) 
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Since E(P,I) is a function plkich is strongly peaked and is 

different fran zero in the vicinity p = p, we can move f(p) 

outside the inntirr in-kgral because f (p) , the spectnm of 

the calibration source, is a slowly varying function in the 

region where E (p,~) is different frcm zero. We let f (p) = f (F) 
the value at the peak of the Gaussian. That is 

R(lr dI = J & ( p a  dp dI I. 0 
(111-18) 



79 

but since = 3.141 

integral ov@r f(p) is the tstal s of the source at 

Sr 90 disk source was wed (University of Mhnesota source 41). 

Using a eol.l&ua%~ slit having a geanetrical factor 
2 G = 8,64 low4 stapad-am and -tirn 111-12 

f (6) 6 = 2,33 x 10 6 electrons Je = 
0 cm2-ste.rad-- 

(111-21) 
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(111-22) 

50-100 RZV and electran s0tx-s at higher 

w i t h  a Eull w i d t h  at half nmdmm that varies only slightly as 

width is 68 Kev (F 111-12) at 974 Kev 

(Bi-207 W] a width is 110 Kew. 

an incident energy E will g a voltage pulse aut of the 

%he functLon e(E,h) is w r i  ZtS 

where 6 is f. wid%& and h is expressed 

(111-23) 
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c4J1I2 , f (E)  2 2  where p =  [(E +moc ) -mo 

of particles counted by the? disrriminator scahrs when the 

analysis cycle for that channel and normalized for thet 

- 
E is effective efficiency for 

detector system, tl and 3 are the 
i 

the analysis for 1 f, and El 

upper e5nezgy limits for channtil i. 

1- an a ocmputer for varioas as spectra of 

incident e! s., Figure 111-21 shows the results using 

spectra f (E) = E'. 

y for the five m e q y  channels. 

This reSUlt is plo'tted against 



. CHANNEL H 

Y 
Figure 111-21 
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since most of the time? is spent at large -values of I 

(111-26) 

the a w a e  slit of the spe r of 

Gtroans per data cycle, was . 'Us- equafion III-26, 

cQ/'dE was f& for each channel, These are plotted 

and pulse height zer. onby St 

czhamlels do well, and tklrzse P i e  w i  t h e -  
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almost identical and differ significantly only in the rate! of 

change in the magnetic field of the anafrzing magnet. % 

-111 magnet system has a magnetic field w i t h  a slower rise 

time due to a larger capacitance of the energy stmrage 

capacitor. 

-III aeteclrtor differ frcm the fxio-I iietectar by o n ~ y  

Since the effective efficiency cwxes of the 

a mltipUcative constant vie can. w r i t e  &if ferentia1 

flux of the oco as 

di, the? h ibratfon factrrr, is to one for 

Oeo-I and has the Vd.US g i m  jU1 W3.e 111-4 for Cx30-I11 and 

where Yi is the eff&m efficiency 

That is, 6f Ti is the 

for a2u-I. 

ive efficiency of the ocio 

te?rs. us- ive efficiencies, the Sr 90 

calibration && of Figure 111-22 gives an a g r e t  of 

calibration ot the laboratory in firation w i t h  a Sr 90 

(111-27) 
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daannels I, 11, I11 and Iv. c h m n e l  v, not # givu9s a 
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separated-and a-mmputer foxmat tape is f a  aach 

C!aiput@r Center on a Ccmtral Data 1604 canputere 

2 3 ~  number of aounts accumulated i n  each of the five 

(111-28) 



91 

!&e statistical error in Hi is 

(111-29) 

Ilhc! differential flux for each channel is tbm 

gi 
6i Ni Fi sz - (111-31) 
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(111-32) 

(111-33) 
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rzadiation belt Figure 111-24 is a -le of two 

p l o W  w i t h  their statistical bars, Virtually all of the 

naxt chapter use? 

by subs%i%u%hg the value of the 

equation III-32, 

for: channel IVwe fhc3 F = 4 x 1 

For example, at L = 3,4 on 

aJ 2 d t h  Ai = A4 = 9 3  frcm Table SII-4 we find = 38,O x 10 

%Wo 
f -an -set -=-I--- 0 The!? l m o f  

8, 1966) shaws the flux of ek-s in 

fo% a 
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fluxes drop below threshold as in the slot during quiet timoS, 

the c2uuput€?r plat jnC3ica-s the upper 1Wt. 



for point field, and t 

an angle Q a& fie the field 

of the;mamtic 

rial. pitch angle, 

i@nt we have 
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since the angle a t  the turning point is 90° 

That is, th@ - flux; .J; ,at-a t i m e  t on the magnetic 

shell L 11[1~3asured on the shell at poskbn B with a look angle 

o f u  isthesameasam 

"herefore, any measurememt made at sane place onn the shell can 

b e r d - t o a m  at the Al..ldatapresmt@d 

at Bo with a look angle of ao. 

in ternl!s of L, eto ana t, 

An is supplied by Goddad Space Flight Center 
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to the field at  tba? equator, 

Case 1. The stabilized spacecraft, 

The OQO-111 spacedraft was stabilized fran launch until 
- 

m y  23, 1966. A t  that t h e  a failure in the! atti control 
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c a s e 2 .  Thesp 

Except for the firs 111's operating 

period, the OGD-I and OCO-~II spacaraft have operated in a 

spinning mode, Both sakelllites spin about their Z body axis. 

Themaximmangle between the spin and the Z axis is on the 

order of a degree or tm. 

any given t-. S(t) is a slowly varying function of time 

except during periods of re-orientation when the spin axis 

a-ie spin axis 5(t, is kncr~n at 

changes discontinuous ly* By slowly vary- we mean that 

the direction of the spin axis in celestial coordinates 

changes on the order of a degree or so per week. 

for a time history of the spin axis of Ooo's 1 and 111. 

See Table IV-1 

Since the spin axis changes so slowly we assum that it is not 

a functsxnr of the when we M 0% a g a v a  pointo 

The look on of the s B a 10" angle 

w i t h  the spin axis (s@e F 11-2) p LhcEefore '&he 

acceptance oone-nutates ab0U.t: the spin axis, Sane 

attit.de infomation is available for CX33-l wh ich  would 

all- us to find the exact 

time. M s  attitude information is, hawever, qaite l i m i t e d  

in accuracy and fn availability. It  i s ,  I 

direction as a function of 

not yet available for oco-%II. Therefore, no attespt has 

yet been-- to use this attitude infomatiom; instead 

we have taken the spin axis as the average look axis. We 

ta@n averaging intervals long enough such that several 
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Right Ascension 44@ DeePhalZion -9" 

Date m i o n  Declbea 
July 27, 1966 47O -250 

Decaaber 18, 1966 86" 80 

February 25, 1967" 86" 80 

F e b m  25, 1967 202@ -30 

March 25, 1967" 202" -ao 
March 25, 1967 194" 00 

May 23, 196% 280" -7!j5" 

June 30, 196% 312" -37@ 

-30" 

52" -21" 

IXxmber 5, 1967* 50" -319" 
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spin periods are included inthe amage, The effect of 

avefaging over the nutating a~ceptance cane is to essentially 

change the aot=eptande ame ftwm a lSQ cone to a 35@ cane. 

The average loak direction a is 
- + +  

0 6 s a s S o B  

OGQ-I was latmched at a rather unique time near solar 

asnsm~m and therefore a large volume of data is available in 

the inner zale T@hi.& is quite free fran ex-l djtsturbamxs. 

During late 1964 and 1965 we found no changes 

htheinnermne 2,6, Only slaw n-aotonic changes 

w l e r e o b m .  I 2.0 no suddegl. 

changes were stsen by CxXl-1 or I11 before Se 

rn stxdying the t h  

remember that all of the data in the inner zone is not only 

a functim of tirne but also a function of L and ao. e can, 
for example, fix L and accept all points whose a. is be- 

a 

zone is qui te  strong and hence Aao rrmst be made gaall which 

reduces the nrnnber of data points available. 

anpletes three orbits in eight days and since a given L shell 

ts crossed twiaz on a given orbit, mly six L crossings are 

+ Aao and a. - Aa,, The depadence on a. h %he hner 
0 

Since -1 
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available in the innex zone at a givw L every eight days, 

and because of the fixed look directioll only one data value 

is obtahed per L crossing, By fwA5wx l W t h g  the nrnnber 

of data points b2 the interval a. + - hao, the nmker of data points 

becanes too d l  to pxnvi.de a useful time study, 

Therefore, we must first study the a0 dependence by 

fixing t, Since the t-sm! changes during 1964 and 1965 are 

relatively slow we may choose a relatively large time interval. 

I% chose a time inbmral of two to three months which allowed 

us to obidm a rather canprehensive analysis of the pitch 

angle distr*~ons. Three such analyses were p e r f o m ,  

me during September-DeCesaber, 1964, one durhg January-April, 

1965 and one dur- June-August, 1966, In each case rather 

distinctive &J/"aE vs, a. curves were obta 

channels. Figure N-1 through N-5 is a set of such dJ/B 

vs. a. curves for the five energy 1s for various LIS. 

On these graphs is also magtked the theor&i.cal loss cone as 

de- fra calculations using the 64 %em expansion of 

for all energy 

the earth's field and assuming a 200 km mirror altitude, 

A program obtained fran Dr. Carl McIlwah was used to 

calculate the L's and B/Bo for the various b r  points. 

Since the pit& angle at the mirror point is 90°, the a. 

of the loss cane is 
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0 SEPT- DEC 1964 J! T[ g*i 
1 A JAN-APR 1965 0 
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Own of the firs': interesting things to note on Figures rV-1 

to N-5 is the smothness of the curves, especially for the 

smaller L's. 

ULGertarn * ties plus pexhaps sane mall short-tem time variations. 

Since all the data points during a given 3 mnth time period 

fall on a reasanably we11 defined CwNe the time changes 

during the two mn%h interval are small, All of the curves 

exhibit a rather sirmlar form. The curves are flat near 

For kzger L's there are larger statistical 

a = 90° dropping off tsward Lhe loss <xnlE! and 

then cut- off very near the t . k O ~ ~ c ! a l  loss Oone. 

It should also be n o M  t h a t  at a given L for a given energy 

channel the three sets of curves cmvering three different 

periods of t ime a11 have appraxhte%y the same shape even 

though the amplitudes different. The constan% shape of 

the curves may be uti 

of the fluxes, If we let R ~ ( B ~ ~ ~ )  be the rate of channel i 

a t  aO a t  %.he t we may write it as 

0 

separatmg the t and a. depenC@ce 

To enable us to do a earrplete tune study least square 

fmctians were fitted to - r - m ,  1964 &/& 

vs. a curves, 

and have a roughly palmlie shape on log paper and hence the 

fol1mW functions mr@ .e;e?&@data. If we 

mese curraes are SymnetElc about.. a. = 90' 
0 

let 5, (a,) be the Peas:, s 



where N, the degree of the polynardal, is determirted by the 

closeness of the fit &sir&, which on the sitter 

of the data points describing the curve as well as on the nunber 

of data points avdlable. The solid lines drawn through the 

1964 points in Fkp..zes IV-1 to IV-5 are the l@ast sqwre f i t  

cu~nes. These same m s  are zrrultipl9Csd by a constant 

and a m  also fi 1966 data, One a n  see that 

the f i t  is excel 4 eithsr 



That is, we may remcnre the pitch angle of thedata 

and red- a l l  of the data to a. = 90* or tb any other angle. 

The advantage of the 

be! reduced ta one pitch angle and a canplete fdm? history may 

be! obfxined, 

This t echnip  ha§ been .in Studying the 

the history of .ule innrer zone because 

aonstant-shp for 

assumption of a 

pitch- angle distribution is valid even 

auring di- %2imS. The only mtsajint SeEmS fm be 

that it must not be useti , loss mne 

drop off rapidly as a 

eone is a regicm of stics and limited number 

to &t&d f m  the Se-, 3364 - 
Mar&, 9965 data, Table IV-2 lists the coefficients used for the 

fmction g(ao) for the various L's, 
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10  L Channel a. al x lo4 a2 x 10 a3 x 10 

1 5,025 -2,694 0 0 
2 5 , 045 2 173 -4,286 0 

1,4 3 4.595 -0.7551 2 31% -2 , 816 
4 3,953 1,965 -5 , 9-71 1,116 
5 3 , 469 0,1406 -3 . 432 0 

1 5.222 -1 884 0 

2 5 e 17% 1,676 -1.944 0 

1.6 3 4 e 580 1,451 -2 243 0 
4 3,576 -2,071 -0.6244 0 
5 20 0,1489 0 
1 5,208 -O,O~OP -0,5865 0 

2 4 D 989 0 
1.8 3 4.185 -1,129 0 0 

4 2,761 -3,579 0 
5 1,454 -1,020 0 0 
I 5,208 -0,8404 -0,2664 0 

2 4,835 0,2504 -0-7 0 

3 3 e 699 -0 3270 -0 a 5414 0 
4 1,839 -1,699 -0 1262 0 
1 5 e 139 -0 9009 -0 e 2295 0 

3 3.034 -1,1411 0 0 

1 _.. 4,876 0 , 2618 -0 4126 0 
3 3 e 990 0 6169 -0 3599 0 

3 2,262 -1,232 -io 0182 0 

2.0 

2,2 2 4,666 -2,027 0 2291 -0 e 0549 
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Any change in the shape of t b  pitch angle function would 

~ B ~ ~ Y O Y  the ~&&Lty-of-thc-abarro -t and would up 

as a larye scatter.in t h e . ~ . p l O t s .  Paast of the plots, 

hmever, show reasmably consistent curves m r  the entire 

IMO year period even during the large isolated disturbanoes. 

!!%e t b  plots (F-s IV-6 to IV-lo) indkate no 

detectable sudden disttn3x.m- wore septasaber 2, 1966 for 

L's less than 2.0- Although w m  several, 1- mods 
when no data was obtained for L 6 2, the t ime decay for 

L 62 is sufficiently slaw (T 2 200 for lie decay) such that 

the effect: of a large disturbance during an off period would 

be observable for several. mths. For saoaller L's  (L > 1.5) 

there is a data gap of over a year. l% can, hcwever, infer 

frm pasuramt at l a r g e r . L s s  where no rmddp3n chartges Occurrea 

and fran measurments by Beall, et ala (1967) that only a 

slow mrmtonic change ocxmxed during this period. We w i l l  

shaw later # a t  solar i n d u d  distwzbmces have a larger 

effect for lazy= LIS. 

Straight lines have been fitted thmugh the data points 

. idgat ing the lcmg tern time changes of the background 

levels of t?x! various eimergy ~ 1 s .  Most of the 

channels indicate an m e a l  decay during this two par 

peEiod. The2 time changes of the variclvus energy chaM@fs will 

be discusse3d in the next paragraphs. 
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We can d.ivi.de the flux of Channel i in Auigust, 1966 by 

the flux of (2harmeS i in S m r ,  1964 and &tah a ratio 

R w h i c h  dl1 be a measure Oe the c b q e  h intenSity of a 

given energy intervaP aver the t w ~  year period, 

R = 1 would h&ca& no 

the ratio R as a 

IV-11 is a plot of 

in %he entensi.%y lmeh of irltemls over 

s in detail, 

The 50-120 mv than 
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by Paulikas et al. (1967) e 

of E > 1.6 MEW injected by the Starfish exp10s.h decay most 

PauLikas et dQ find that electmns 

slawly at L l Q 4 -  The ~ V D  highest 1s are below 

threshold outside of L = 1,8, 

We naw ocmpape the five ratio curves w i t h  each other. 

V?@ find that the 50-1120 Kev e1 

and the 1700-4000 Kev eledxons have the most rapid decay. 

We can also note that the highest three energy channels have 

it the least decay, 

quite similar ratio s o  T h e s e ~ S S h S w  between 

L = 1,3 and E = f , 8  the 690-P900 K e v  ele 

than the 290-690 Kev s which  in. decay sbwer than 

the 690-1700 Kev electrons, 

s decay slower 

The steady slw decay over this 

long period of 

e X p % O S b l  skmf$Sh On 

the nuclear explosim 

meastuxmen%s prior to  by Beall, e t  al. (1967). 

cone at higher L 

include the range 

made0 

by Beall, et  al, a ison has been 
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used and since tkae scatter of the points is mall during the 

entire event, the shape of the pitch angle dependence? must have 

remained the same throughout the event, We w i l l  TWW diseuss 

the behavior of electrons of different energies during and 

follawing the eturbance, 

The 50-120 Korv -1 shaws 110 Sn~rea~e hside L E 1.8. 

For L 2.0 the herease is qu&e pronounce& Figure 337-14 

shows that ths rrjlative increase is greater for larger L's; 

haever, the absolute flux after the increase is oonstant as 

a function of L. Tfie onset of the stam is not w e l l  defined 

since anly a few data points are avaiJable inmediately after 

the onset of the ewmt. W& note, kwevex, that at L = 2.2 

and L = 2.4 the increase is first obsewed on the April 19th 

pass through the inner zone, one day af- the omset. The 

data at L = 2.0 are missing for the April 19th pass. 

the April 22nd pass 

no increase, whereas L's grea-r than 2-2 ccoaz.tinue to show 

On 

the inner zone, L = 2,O shuws 

the full increase. The April 25th pass the full increase 

at L = 2.0. Therefore, we have a delay of 4-7 days before the 

effect of the dis%Wbancx? is observed at L = 2-0, The delay 

for onset at L = 2,2 is, however, less .than one day. After 

reaching a maxina;lm the 50-120 Kev electrons decay exponentially 

for L - 2*2, the &say rate being more rapid for larger E's. 

A t  L = 2-0 we do not detect a decay una1  abaut one mth 

aft@r the onset of the event. 
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E e 690 Kev which has moved him appmxbately L = 2.1. 

Sixteen days after the event on Nay 3,1965 we see the wave 

having penetrated to L 8 s  less than 2,O. W e  also note the decay 

of the wave for Les greater than 2,0, The 690-1700 Kev channel 

behaves sufte un3.h those with E e 690, Before the event 

the 690-1700 Kev channel is below threshold for L > 2.2, The 

wave of ekctmm with E 690 penetrates to only L = 2.6 and 

then dissipates, 

for the indicated threshold activity. 

does not penetrate to L's less than 2.6 

ming this event w= have observed the propagation inward 

of ele- ta h u k  L = L9. We do not notice any increase 

in the flux of ele 

to the large prestom Starfish flux for L Q 1,8 which obscures 

the behavior of the h j  

for L = 1,8, This is probably due 

belm L = 1,8, 

2, 2, 1966 went, 

The September 2, 3.966 event &ffered fmm Lhe April 

event in a r of ways, !!?he 

preceded by an- event on 

electrons to as low as L = 2,4, 

28, 1966 which .SnjeCtea 

oes averaged about 15 for the 
the AP phase Of tk 

!%@xmhr everkt and about 5 fbr the April event, 

Figure IV-19 p m % s  as an example the pitch angle 

distribut5or-m for varicxzs tires daring the event for L = 1.9, 

Within the statistical. uncertainties and w i t h i n  the l i m i t e d  
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range of pitch-angles~oavered.nodmnge in the shiipe of the 

pitch angle dhtxibution is &served in Figure IV-19. This 

la& of change i n  the shape of the pitch -le distribution 

is typical of a l l  L shells in the inner zcme during the September 

2 event, 

Once again as in the April event the pit& angle dqmdence 

is reirovd from the! data, The nonmalization of the pitch 

angles to uo= 90" is not successful for 103 

September 20 - October 20, 
w i t h i n  a few degreesof the loss mne where ttw; nonnalization 

curve is nu% accurate. Furthemam, neap the loss oc~ze the 

flux varies very rapidly as a function of a. and even a small 

inaccuracy in the mmalizatian carve 

L e 1,8 between - -  
In those intervals the a. are 

aes a large 

loss cone is not error. The data w i t h  a. within 5" of 

k l u d l e d  len re§alts in gaps 

duringthe* 0 Outside of this hterual 

the remoMl of tkbe a* fran the data was qui te  

successfuf, 

The behavior.of the 1s of the 

spectrcmeW during the !%p&&xr event will 

F i m  N-20 ks the 50-120 K ~ v  1 as a function 

of t ime for d o u s  LDs in the .inner zone, The effect of 

the September dfs 

be discussed. 

OTE this energy c3lannel is 

gUite d 1 ,  For L - 2.0 the increase is approx&nately 50%. 

This incrm persisted for over three mnths and sfwued no 
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evidence of A t  L = 2 2  and L = 2.4 %he herease hnediately 

fo i r l c m ,  

290-690 Kev 

0 Id 

af D we a slight 
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were fomd, The 

flat near a. 0- 90" and off rapidly near 

le $8 i ty  a 
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3. A slaw s&xidy decay of the electmn fluxes was observed 

during lnagnetir=ally tmdiswm t i m s  j.nthn?inrru:zane 

far e&cQxas w i t h  E 120 Kev. The 50-120 K w  channel was 

(L > 2-01 the long t a m  decay was very slaw. 

the levels in 1964 and 1966 were the sane,) FollawinrJ i n - j d o n  

events the decay times for L > 2.0:be3cam2 very rapid (Figure IV-26) 

until the prestorm levels were reached. 

(At L = 2.6 

4, Prior to Se- 2, 1966 it was shown that for L 1.8 

Starfish remnants are an i m p x t a n t  part of the electron flux 

above 120 Kev. F o l l ~ ~  the hjeciAon event of September 2, 1966 

the Starfbh lremnantfs are no longer hpmtant for E 

Far E > 690 Kev, however, Starfish slectmols are still the 

690 Kew. 

EOlPmm a magnetic storm as6ociat(3?d 

W i t h  the %- 2, 1966 Solar di.~taWm, 

e h m n  flux was 

The 50-120 

by 508, the 120-290 

by 100% and the 290-690 Kev e 

increase at the lawest L 9 s  (L = 1,4) was nut reached for 30-40 

days aftmrr mwt. This ine was stable and the slow 

Starfish-liJm decays were re 

s by 200%, The maximum 

6, Whg the W year @d of obsexvatbn by -1 
8 

and I11 w e  have observed approxhatsly a factor of 10 decay 

in the inner zona for L 2,0, Therefore, any cmtinuously 
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Me also have observed that .follasing the onset of 

a stsong magnetic stom a wave of electrons would f i l l  the 

outer and inner zone to abaut L.= 2-2 within hours after onset. 

This wave of a m  for E < 690 Icerv was then observed to 

m e  inward in a d i f f u s i o n - l i k e ~  over a period of 30-40 

days., 

intoL=2.4 inawave- l ikemannerwere ,hc~wever ,rrot  

observed to =fuse inward to L values less than 2-2, A l l  

of the electrons of E 

can be attributed to the Starfish explosion. 

E l e c t r o n s  of E s 690 Kev-whk.h also w e r e  seen to mwe 

690 K m  msasured by OGO below L = 1.8 

7, A carnrearL abaut the much &bcussed "slot" a t  L = 3.0 

is in order, The "slot" has often been &scribed as an 

instnmmtal. egf&. The d&ectors are said to nteasure 

electrons in the tatter zone and protons in the inner zone 

w i t h  tk '*slot" occurring at tfre~mss-aver point. Although 

-ana= of .&he "slot" may be enhanced by inslmmental 

effects in ;r;.aner cases, there is 

the electran flux h the glichkky of L = 3,0 (see Figure 111-24). 

Fol1- an k$stA..on event ube slot is filled in ath new 

particbs, but s 

3-5 days the flux of e 

a large minimum in 

the l/e Lifetimes in the slot are about 

at L = 3 rapidly disappears. 

The? flux also decays rapidly for L 3 3, but in the outer !mne 

n\anerous sraalf injection events supply sufficient electrons 

to maintain a higher flux h m Z .  These mall injection 

events do not inject electrcm to LIS as law as 3.0. The 



large flux in the inner zone ismaintahedby thevery slcrw 

decay times and by the one or two large events that are 

intense enough $0 prapagae into the inner zone. The presence 

of the "slot" as seen in the electron capnent can thus be 

understood, 

Be E'uture 

M? must study mer injection ev&ts may help answer 

sane of the follc3wing gues 

analysis of the two hj 

' Po Why do the high energy e decay sluwly mer 

a long perid of izbewhereas #e 50-120 Kev electrons main- 

tain an equflfirium level? 

that have been raised by the 

events descus& in %his thesis: 

2, Is the diffusim hf by the level of activity 

a f t e r  the event? 

kVC9 QbS@3X& 

than 1 ,8  fob3.m- the 2, $966 went but not after 

the April 18, 91965 event, P l3E.xza- the large 

€fusion following 

*.April 18, 1965 eveat, but the cmntinuing:strorq magnetic 

activity fol event m y  dso be 

ion folbuwing tkw Septemkr 

i 

respans~b for 

event, 

3. Why are there ltwp distinct ra%es of decay in the 

ixlner zone? 

For L 2-2 we have observed a rapid decay back to 

prestnm 1s f o l l m ~  both of the events. once the prestom 
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level is reached the! decay rate m e s  d.ramatica~y &ran 

the order of 10 days to mer 100 days. This daarage in the 

decay rate is not a function of flux level since the levels 

at which the rapid decay ends are different for the two events, 

4, Why does the rapid decay rate differ, so strongly 

b@- events? 

The rate of the rapid decay is almost twice as fast 

for the September event as for the April Elvent, Perhaps 

the state of agitation of the belts (as indicated by the 

A indicres) may offer a clue, The A b-&Lces were a factor 

of about 3 greater during the September: event. Another 

possible factor may be the difference in the spatial gradiat 

of the electrons set up by the initial injection, The April 

event also had a much larger Starfish hckgrod  deep in 

theinnerz0lBethan Septeztter event. 

P P 

5 ,  What are the overall details of diffusion process? 

Are they &pendent on gecmagmtic activity? 

6, Why do sane solar events cause injection, 

m s  others equally laye (in terns of A and outer zone 

flux level increased do not? 
P 

of spetztrcme- data is also available 

in the outer zone, This data will be studied separately. 
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