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by 
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and 

E. G. Stassinopoulos

National Space Science Data Center 

ABSTRACT 

A model of the Starfish electrons injected into the 
radiation belt in July 1962 has been determined for 
epoch September 1964. This model distinguishes be-
tween artificial and natural electrons and provides 
the artificial unidirectional electron flax as a 
function of equatorial pitch angle, energy, and L 
value. The model is based primarily upon data from 
the OCO 1, OGO 3, OGO 5, 1963-38C, and the OV3-3 
satellites. Decay times for the Starfish electrons 
are given as a function of energy and L value. These 
decay times represent the best compromise between a 
number of independently determined values. The times 
at which the artificial Starfish flux component had 
become insignificant in comparison to the natural flux 
component are determined as functions of energy and L 
value. These times are determined by two separate 
methods, and averaged values are presented. It is 
shown that Starfish electrons,, by the present time, 
have become insignificant for all energies and L values. 
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NOTATION 

Parameters 

a	 coefficients of polynomial fit to pitch angle 
distribution (Equation 3) 

B	 energy 

ET	 energy threshold 

f	 solar cycle function (Equation 2) 

j	 unidirectional electron flux (Equation 1) 

L	 Mcllwain parameter 

N	 AE-2 spectral function 

p	 flux ratio (Equation 4) 

t	 time 

tc	 cutoff time (Equation 4) 

Ts	 time in months after Starfish injection 

c-6	 * coefficients of cutoff time function (Equation 7) 

cLo	 equatorial pitch angle 

0	 pitch angle parameter (Equation 3) 

T	 Starfish decay time 

Suffixes 

d	 data epoch 

k	 energy level 

q	 quiet day 

st	 Starfish 

S	 storm 

o	 time origin

ix



I. INTRODUCTION 

This document presents a model of the electrons artifically injec-

ted into the inner radiation belt by the Starfish nuclear explosion of 

July 1962. A complete description of residual Starfish electrons is 

given for epoch September 1964 with their corresponding decay times. 

These decay times are appropriate for the long-term loss process and 

do not apply to the relatively rapid degradation of the fission spectra 

immediately following the Starfish injection. The initial decay times 

are significantly shorter than the long-term values (Brown, 1965). 

Epochs are determined at which the decay of residual Starfish electrons 

became insignificant in proportion to temporal variations in the natural 

electron components of the inner radiation belt. These epochs are 

presented as functions of energy and L value and are referred to as 

cutoff times. Data from the following satellites were used in the 

development of the Starfish model: OGO 1, OGO 3, OGO 5, 1963-38C, 0V3-3, 

Pegasus A and B, Explorer 26, Explorer 4, and Explorer 12. 

At some general point in time after July 1962, the Starfish injec-

tion date, the total inner belt electron flux j can be expressed as 

J3qJstJs	 (1) 

where the .suffixes q, st, and s denote the magnetically undisturbed 

(quiet day), the Starfish, and the storm time flux components, respec-

tively. For much of the data analyzed in this document the storm 

component is = 0. However, for some energies and L values the presence 

of a significant storm component provided a useful method for determin-

ing the cutoff times. If the decay of the Starfish flux component is 

considered to be exponential withy characteristic time T, and the time



dependence of the quiet day component due to solar cycle variations is 

expressed as

:iq	 Joq f(t) 

where the suffix o indicates some arbitrary time origin, then the change 

of the total population with time can be given as 

di	 .	 df	 .	 f	 j 
= Joq	 Joq	 - 

Note that it is implicit in Equation 2 that T is time independent. A 

complete description of the quiet day flux solar cycle variations has 

been given by Teague and Vette (1972). For most of the time period 

considered in the present study, df/dt is positive. Thus, the first 

two terms of Equation 2 represent source terms, and the third term 

represents a loss term. The variable T will be referred to as a decay 

time and relates to the net depletion rate of electrons as opposed to 

their actual lifetime. This distinction arises as a result of cross L 

and pitch angle diffusion. Since the diffusion equation is linear, 

separation of the quiet day and Starfish components can be performed, 

and the two components can be studied separately. 

In Section II of this document, a brief description of the itera-

tive procedure for the separation of the flux components iq and js t is 

given. A more comprehensive description has been given previously by 

Teague and Vette (1972). Polynomial fits are obtained for the pitch 

angle dependence of the Starfish component, and flux levels are pre-

sented as functions of L value for discrete energy ranges in the energy 

interval 133 5 E 5 4740 keV. In Section III the decay time Ybodel is 

presented. Values of T are determined from the OGO 1 and OGO 3 Univer-

sity of Minnesota electron spectrometer data (Pfitzer, 1968) and from 

the 500-keV Explorer 26 data (Teague and Vette, 1972). These decay 

times and those previously given by Rosen and Sanders (1971), based 

(2) 
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upon measurements from Pegasus A and B, and by Parley (1969), based 

upon measurements from Explorer 15 and OV1-2, are compared with the 

Stassinopoulos and Verzariu decay time model (1971). An average decay 

time model is determined. In Section IV the cutoff times are presented. 

These quantities are possibly the most important ones presented in this 

document from a practical viewpoint, and two distinct methods are 

adopted for their determination. The first method relies upon the 

separation of the various flux components given in Equation 1 and 

defines a cutoff time as the time at which the artificial and natural 

components are equal. The second method is more qualitative and uses 

data from the 1963-38C satellite exclusively. This method uses the 

appearance of a significant storm component or the decay of the total 

flux to the proton background for initial estimates of the cutoff times. 

Refined values are obtained iteratively by precluding inversions in the 

energy spectrum at any given time. In the regions where extrapolations 

are performed by both methods, estimates are made for the cutoff times 

.by using the upper limits of the pre-Starfish electron fluxes given by 

the Explorer 4 and 12 satellites. Qualitative confirmation of the final 

cutoff times is obtained by comparing the Starfish model with data from 

the OGO 5 and 0V3-3 satellites.

3
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II. THE STARFISH FLUX MODEL 

The primary data used for determining the Starfish model were those 

measured by the OGO 1 and 3 electron spectrometers (Pfitzer, 1968). 

Data from the 0V3-3 electron spectrometer (Vampola, 1969), the OGO 5 

electron spectrometer (West et al., 1969), and the 1963-38C integral 

detectors (Beall, 1969) were used for confirming this model. The energy 

ranges covered by these detectors and the types of measurements are 

given in Table 1. For the OGO 1 and 3 and the 1963-38C satellites, the 

energy ranges given in Table 1 differ from those originally used by the 

principal investigators. A full description of the reevaluation of the 

calibration of these detectors is given by Teague and Vette (1972) and 

by Teague (1970). For the OGO 5 satellite, the original energy ranges 

and geometric factors given by West et al. (1969) are used. For the 

0V3-3 satellite, the energy ranges are those given by Vampola (1969). 

However, the geometric factors for 0V3-3 have been increased by a 

factor of four (Vainpola, private communication). 

The quiet day and Starfish components were separated in the fol-

lowing iterative manner: (1) by using OGO 1 data as near to the 

Starfish epoch as possible (September 1964), an initial value of T was 

determined with the assumption that J >> joq in Equation 2; (2) the 

flux was decayed using this value of T until the observed total flux 

was larger then the decayed flux by at least a factor of three (the 

difference of these fluxes approximates the quiet day flux component 

at the epoch of the comparison); and (3) then, using this quiet dày 

flux value, an estimate of the quiet day flux at the epoch of the 

initial T determination was made, and an improved T value was deter-

mined from Equation 2. The iteration process is lengthy, and many 

iterations are not warranted because significant errors may be 

5



introduced by extrapolating for the quiet day flux. In practice, how-

ever, this extrapolation was assisted by observations at L values and 

energies for which iq >> st, and observations of f(t) can therefore. 

be made. 

The OGO 1 and 3 data sets provided unidirectional flux as a 

function of energy, L value, and time; therefore, a second iterative 

Procedure was adopted to remove the pitch angle dependence. In most 

cases decay times are presented using the approach described in this 

section for equatorial fluxes on the assumption that T is B independent. 

This assumption is borne out by the Stassinopoulos and Verzariu (1971) 

decay model for L ? 1.4. As each step of the previous iteration cycle, 

the following procedure was adopted. For every value of energy and L, 

(1) an approximate determination of the pitch angle dependence was made 

us. ing the month of data affording the best pitch angle coverage; (2) 

data from all epochs were normalized to the equator using this pitch 

angle dependence, and initial values of T were determined; (3) these 

values of T were used to normalize all data to a common epoch assuming 

that t was B independent, and an improved pitch angle distribution was 

obtained; and (4) this average pitch angle distribution was then used 

to obtain an improved value of T. As with the previous iteration 

technique, many iterations are not warranted because of the accuracy 

of the technique and the standard deviation of the data points. 

A typical example of the result of the iteration procedures, 

demonstrating the separation of the quiet day and the Starfish compo-

nents of the flux, is shown in Figure 1 for L = 1.5 and 1.9 and for 

292 5 E 5 690 key corresponding to one energy range of the OGO 1 and 3 

satellites. Curves for the two flux components and the total flux are 

shown with the Starfish flux data from the OGO 1 satellite covering the 

period September 1964 to April 1965. Representative averaged quiet day 

flux data from the OGO 3 satellite covering the periods June 1966 and 

6



December 1967 are also shown in Figure 1. At the lower L value, the 

dominant component at the earlier time period is clearly j st . At the 

higher L value the quiet day component is starting to become signifi-

ëant in late 1964, and the decay time determined assuming Jst >> Jq is 

significantly different from the more correct value obtained from 

Equation 2 as discussed in Section III. 

Simple polynomial fits were made to the equatorial pitch angle 

distribution of the Starfish flux given by the OGO 1 and 3 data that 

were normalized to the epoch of September 1964 using the expressions 

log	 (j st) = ao + a 1 (e-co) + a2(®-cLo) 2 + a3(0-co)3 

for ct 0 	 0 

and
	

(3) 

log	 (st) = ao for c 0 > 0 

where co is the equatorial pitch angle and 0 is an L-dependent parameter 

for the pitch angle function. The L-dependent constants ao, al, a2, 

a 3 and 0 are shown in Table 2 for the four higher energy ranges covered 

by the OGO 1 and 3 spectrometers. No comparisons are shown here between 

the OGO 1 and 3 data and Equation 3 because these comparisons have been 

reported previously by Teague and Vette (1972). No coefficients are 

presented for the lowest energy range 36 E 133 keV because it was 

clear from the data that no Starfish residual remained at these energies 

in late 1964, with the possible exception of L 5 1.3 earth radii. The 

data yielded little information concerning the component iq for the 

two highest energy channels of the OGO 1 and 3 spectrometer, and both 

the polynomial fits and the decay times were determined assuming that 

st >> q . However, crude estimates of iq for E > 690 keV were 

7



obtained from the 0V3-3 data, and the assumption of j5 >> Jq proved to 

be adequate for L < 1.7 earth radii. For higher L values the iteration 

procedure described in Section I was adopted using the estimated Jq 

values from 0V3-3. 

At low (L < 1.5) and high (L > 2.0) L values the pitch angle 

dependence of js t is appreciably flatter than Jq. At intermediate L 

values the pitch angle dependence is very similar (Teague and Vette, 

1972). 

This analysis has been performed assuming that the storm component 

is << j. For L ? 2.0 earth radii and 292 5 E 5 690 keV, however, the 

effects of the magnetic storms occurring on February 7, 1965, and 

April 18, 1965, are evident (Teague and Vette, 1972), and it is 

possible that the Starfish flux determined for September 1964 contains 

a significant storm component. The effects of magnetic storms are 

evident in the 1963-38C low-energy data for 1964 for L > 2.0; however, 

for all other L values and energies shown in Table 2, no significant 

storm effects were observed in the OGO 1 data. 

8



III. AVERAGE DECAY TIMES 

Table 1 shows the energy ranges in which the OGO 1 and 3 data 

Provided a measure of the residual Starfish flux component, and the 

decay times for these energy ranges are presented in Table 3. Note 

that no values are given for L = 1.3 because the time coverage of the 

OGO 1 data was poor. The decay times for L > 2.0 earth radii and 

292 B 5 690 keV must be regarded as ,approximate because of the 

magnetic storm effects described in Section II. The quoted values 

are based upon the average of the decay times observed before and 

after the February storm. The variation of T on either side of the 

storm was less then 4?	 The error of the decay time is related to the 

data time sample, the standard deviation of the data, and the signifi-

cance of the quiet day component over the time sample. Estimates of 

the errors are presented in Table 3. The error increases towards the 

lower L values primarily because the time sample decreases. 

The OGO based decay times can be compared with the decay time model 

of Stassinopoulos and Verzar-iu (1971). As noted previously, their decay 

time model is based upon data from the 1963-38C satellite. Threshold 

energies for the three channels are taken as ET = 255 keV, 1.34, and 

2.4 MeV (Teague and Vette, 1972). Nominal thresholds of 280 keV, 1.2, 

and 2.4 MeV were used in the derivation of the Stassinopoulos and 

Verzariu model; however, it is not considered that these threshold dif-

ferences introduce significant errors into the present analysis. The 

Stassinopoulos and Verzariu model is analytic, provides T (B, L, ET), 

and is valid in the energy range 200 5 B 3000 keV approximately. The 

model provides B dependence of T for L < 1.4 earth radii. For compari-

son with their model, the OGO Starfish flux components were summed to 

provide integral fluxes for ET = 133, 292, 690, and 1970 keV. Integral 

flux decay times were determined and are compared with the values of 

9



the Stassinopoulos and Verzariu model in Table 4. Estimates of the 

errors for the present values are included in Table 4. The error of 

the Stassinopoulos and Verzariu model is given as ±15 days. Two decay 

times are given from this model at L = 1.3 earth radii, the higher 

value corresponding to the-equator and the lower value to B = .22 gauss 

(atmospheric cutoff = 0.232 gauss approximately). For the two highest 

energies there is substantial agreement between the two models for T. 

At 292 keV however, there is considerable disagreement for L < 1.8 

earth radii. Two reasons exist for differences between the two T values: 

(1) the effect of the background flux, which was not included in the 

Stassinopoulos and Verzariu model, and (2) the variation of the decay 

time with time. In Figures 2 through 8 the flux decay times based on 

OGO.data are shown with values based upon the 500-keV Explorer 26 data 

(Teague and Vette, 1972). Those decay times given by Rosen and Sanders 

(1971) are based upon measurements by the Pegasus A and B satellites. 

for 500 keV and 300 keV respectively, and those decay times given by 

Farley (1969) for 500 keV are based upon measurements from the Explorer 

15 and OV1-2 satellites. In addition, the present model and the 

Stassinopoulos and Verzariu model are shown. Only the OGO values in 

these figures have been determined after removal of the quiet day back-

ground flux. 

Approximate error bars are given for each measurement except for 

Farley's measurements for low L values. For L < 1.35 and L> 1.5, 

Parley's measurements indicate B dependence of T. For L > 1.5 the 

variation of T with B indicated by Parley is small and may result from 

measurement error, and these variations are shown as error bars on the 

data. No other error information is available for Farley's data. For 

the lower L range, B dependence is also indicated by the Stassinopoulos 

and Verzariu model, shown on Figures 2 through 8 as broken lines. 

10



No clear picture emerges from the comparison of the various data 

on Figures 2 through 8, and it is evident a priori that any compromise 

model will show significant disagreement with one or more sets of data. 

A possible explanation for the large data spread may be the different 

epochs of the measurements and the variation of the decay time with 

time. The OGO 1, Pegasus A and B, and Explorer 26 data span the 

period from late 1964 to late 1965, Farley's data span the period from 

early 1963 to late 1965, and the Stassinopoulos and Verzariu model spans 

from late 1963 to mid 1965. However, since Figures 2 through 8 indicate 

no consistent trend for the variation of T with time, this explanation 

is unlikely. As noted, it is clear from Table 4 that the principal 

differences between the Stassinopoulos and Verzariu model and the OGO 

1 and 3 based decay times occur for L 5 1.8 at 292 keV. To a lesser 

extent, differences are also observed at 690 keV for L <_ 1.6. As 

reported by Teague and Vette (1972), for these energies and L values, 

at the epoch of the decay time determination from the OGO data, approxi-

mately 90% of the total flux is residual Starfish flux. Therefore, the 

removal of the quiet day background from the total flux before calcula-

tion of the decay time from the OGO data does not explain the differ-

ences observed in Table 4. Removal of the quiet day background will 

affect the final integral decay times for 133-keV electrons for L > 1.6 

and for the higher L values at higher energies. The differences ob-

served between the various decay times on Figures 2 through 8 must 

result largely from statistical variations in the data, and the error 

bars quoted for both the OGO based decay times and the Stassinopoulos 

and Verzariu model must be regarded as somewhat optimistic in these 

regions. 

With the exception of L = 2.2, the available calculated decay 

times generally lie considerably below the Stassinopoulos and Verzariu 

model for ET 500 keV, and an average model should exhibit that char-

acteristic. Further, as noted previously, at 1970 keV the OGO data and 

11



the Stassinopoulos and Verzariu model agree substantially, and an 

average model should be asymptotic to this model at high energies. The 

resulting decay time model is shown in Figures 2 through 8 as full 

lines. This model covers the L range 1.2 5 L :5 2.2 and the energy 

range 0.1 ET 5 3.0 MeV, and indicates an approximate B dependence for 

L ^5 1.3. The major differences between the two decay time models occur 

at low energies, and for L > 1.4, agreement with the various data is 

fair. Reasonable figures for the present model error may be ±40 days 

for ET < 600 keV approximately and ±25 days for high energies. For 

L 1.4 earth radii (Figures 2 through 4), considerable variation in T 

is observed among the various data sets, and the model error may be as 

high as ±60 days for ET < 500 keV. A threshold-energy vs L-value decay 

time map summarizing the model is presented in Figure 9. For L < 1.4 

earth radii, both equatorial values and estimates of T at higher B 

values may be obtained from Figures 2 and 3. It can be seen in Figure 9 

that the maximum decay time is about 380 days occurring at L = 1.45 and 

ET = 1 MeV approximately. 

It is possible to obtain confirmation of the Starfish flux model 

based primarily on OGO 1 and 3 data (Table 2) by use of the 1963-38C 

data. Figures 10 and 11 compare the Starfish model integral spectra 

with the 1963-38C data for epochs January 1965 and June 1966. Approxi-

mate error bars are indicated for the data and the model. The model 

error in June 1966 is significantly greater than that at the earlier 

epoch as a result of extrapolation using the decay time model described 

in the previous paragraph. The 1963-38C and OGO data have been cor-

rected for quiet day background. In general, it can be seen that the 

agreement at both epochs is good. Note that minor differences may be 

observed between Figures 10 and 11 and similar figures previously pre-

sented by Teague and Vette (1972). These differences arise because of 

the use of a slightly different decay time model in the previous 

analysis performed by Teague and Vette (1972). 

12



IV. CUTOFF TIMES 

One of the purposes of this document is to determine if the resid-

ual Starfish fluxes discussed in the previous section have become in-

significant in relation to the natural content of the inner radiation 

belt for the present epoch. It is already evident from Table 2 that 

no Starfish residual was observed in September 1964 for electrons with 

energies 36 to 133 keV, and that residual electrons with E > 2 MeV 

have become insignificant by the same epoch at high L values. 

Two different approaches were adopted for determining the cutoff 

times. Method 1 relies upon the separation of the natural and the 

Starfish flux components that has been discussed in the preceding 

sections. Method 2 is a qualitative approach using data from the 

1963-38C satellite. The two methods provide useful comparisons in 

some regions. In other regions the cutoff times can be determined 

only by one method or the other. Each method is discussed separately, 

and a final averaged cutoff time model is presented. 

A. Method 1 

As an index of the significance of the Starfish flux component, a 

time dependent variable p is introduced as 

p(t) = Starfish flux component at time t/total flux at time t. 

For regions for which the storm component remains insignificant, a 

cutoff time t may be given as 

tc = T 
loge { [lp(tc)] jt(t=O) 

p(tc) ig(tc).	
(4) 

13



Since both jq and jst are time dependent, Equation 4 must be solved by 

iteration. The accuracy of the Starfish model and the quiet day com-

ponent are such that solution of Equation 4 is not warranted for 

P < 050s = iq) . The accuracy of tc depends upon the value of t 

and the error associated with (1) the decay time model, (2) the Starfish 

flux model for epoch September 1964, (3) the solar cycle dependence of 

the quiet day model (Teague and Vette, 1972) and the quiet day model 

itself, and (4) magnetic storm effects. In practice, because the errors 

in tc resulting from errors in T increase with the extrapolation time, 

this source of error is the most important for most L values and 

energies. However, at high L values or high energies, error sources 

(3) and (4) become important. 

Sets of cutoff times have been presented previously by Teague and 

Vette (1972) for both differential and integral fluxes using the OGO 

based decay times. In the present document the decay time model dis-

cussed in the previous section is used, and the times t for which 

the Starfish flux component is equal to the natural quiet day component 

(p = 0.5) are shown in Table 5 for the energy thresholds corresponding 

to the OGO 1 and 3 detectors. Since large differences are evident in 

the decay time data discussed in the previous section, and since errors 

in this parameter are most important in the accuracy of the cutoff 

times, this parameter is also computed using the OGO based decay times 

and the Stassinopoulos and Verzariu model. In Table 5, tc is shown as 

month and year and also as T5 , month from Starfish injection (July 1962). 

Errors are presented for the values determined with the present decay 

time model. As noted previously, no residual Starfish flux in the 

energy range 36 :5 E 5 133 keV was observed in late 1964, and the values 

of tc given in Table 5 for ET = 36 keV represent the decay process for 

Starfish particles with energies E > 133 keV. Note that no cutoff times 

are given for L = 1.2 since the Starfish flux model (Table 2) is valid 

for the L range 1.3 L 2.2 only. As would be expected from the 
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Starfish model, in most cases the cutoff times decrease with increasing 

L at any energy. Further, the peak cutoff time in Table 5 at any L 

value occurs at ET = 690 keV approximately. The cutoff times given for 

L = 1.3 are determined at the equator. At higher B values the decay 

time is reduced (Figure 3), t ending to give smaller values of tc. How-

ever, the Starfish component pitch angle dependence is flatter than the 

quiet day component at L = 1.3 (Teague and Vette, 1972), tending to 

cause the reverse trend. It is considered that any variation of tc 

with B at L = 1.3 is smaller than the errors quoted in Table S. 

It is emphasized that the above cutoff times have been determined 

using the quiet day background with the assumption that j 5 << j. Storm 

effects influence these times for two reasons. First, magnetic storms 

are observable in the data at epochs much earlier than tc with the re-

sult that the Starfish component flux model presented in Table 2 may 

be an overestimate of this component in September 1964. This effect 

is most likely to occur at the higher L values and intermediate energies. 

Second, as magnetic storm effects provide a significant contribution to 

the total natural flux in the inner belt, it is clear that the quiet 

day component is an underestimate of the effective background flux. 

Both those effects (i.e, an overestimate of the Starfish component in 

late 1964 and an underestimate of the effective background flux) will 

result in values of tc that are too large, particularly at high L values 

and intermediate energies. The errors quoted in Table 5 do not attempt 

to account for this error source, and the values of tc presented in 

this table must be regarded as maximum values for p 0.5. 

B.	 Method 2 

For Method 2, the determination of the cutoff times was based 

entirely upon data from the 1963-38C satellite (Beall, 1969). For this 

portion of the analysis, the assumed electron energy thresholds were 
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taken as 0.28, 1.2, and 2.4 MeV. As already noted, the small differences 

in energy threshold assumed do not contribute : a significant error to the 

analysis. 

As indicated in Table 1, the 1963-38C detectors measured protons 

above 150 MeV approximately, in addition to electrons, and observations 

of the data from the two higher energy channels (1.2 and 2.4 MeV) in-

dicated that the total flux decayed to the proton background. Therefore, 

the possibility existed that the electron decay process was masked by 

the proton background. For the lower energy channel (.28 MeV) a signif -

icant storm contribution j 5 was observed at the latter stages of the 

decay process. Due to the relative sensitivities to electrons and pro-

tons, no storm effects were observed at the higher energies. 

Initial estimates of the cutoff times were obtained as those times 

for which the total flux decayed to the proton background for the two 

higher energy channels and the times at which observable storm effects 

were evident for the low energy channel. It was noted in Section II 

for L < 1.8 at energies comparable to those measured by the 1963-38C 

low energy channel, that the storm flux component Js << Jst + Jq . In 

the present context therefore, an "observable" storm effect may repre-

sent a small storm effect that may not be significant in relation to 

the other components, particularly at low L values. The reader is 

reminded that the cutoff times determined in this fashion are initial 

estimates only. These initial estimates are shown in Table 6 for 

1.3	 L	 1.6 and Figure 12 for L = 1.5. 

For the two higher energy channels, it was evident from comparison 

with the results of Section N.A. that the electron decay process gen-

erally continued beyond the time at which the proton masking level was 

reached. To refine the cutoff times and to interpolate between the 

three energy thresholds of the 1963-38C detector, use was made of the 

fact that the integral spectra must be monotonic and continuous. That 
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is, a premature cutoff time of some energy would result in a too high 

natural background that may lead to an unacceptable inversion in the 

integral spectra at any given time. Iterations were performed on the 

cutoff times using the condition that the integral spectra must be 

monotonic and continuous. Since the data from the low energy channel 

were considered to be more reliable than the data from the higher 

energy channels, this technique was applied to the 1.2- and 2.4-MeV 

data only. In view of the inaccuracy of Method 2, two simplifying 

assumptions were made concerning the data from the low energy channel: 

(1) the natural background is time independent (f(t) = 1 in Equation 

2), and (2) for times following the estimated cutoff time, the flux 

level in quiet periods between storms represents the natural quiet day 

background. The spectra given by the electron model AE-2 for epoch 

August 1964 (Vette et al., 1966) was decayed to the date given by the 

estimated cutoff times to determine if the resulting spectra were 

monotonic. The decay time model given by Stassinopoulos and Verzariu 

(1971) was used. Examples of this process are shown in Figures 12 and 

13 for L = 1.5. In Figure 12 the initial cutoff times estimated from 

the 1963-38C data are shown together with the final values. At some 

intermediate point in the iteration many possible lines may be drawn 

between the points at the grid energies corresponding to the 1963-38C 

threshold energies. Several of these are indicated in Figure 12. The 

decayed AE-2 spectra resulting from these curves are indicated in 

Figure 13 in terms of the AE-2 integral flux. It is clear that the 

decayed spectrum resulting from lines 3 and S in Figure 12 is not an 

acceptable spectrum, whereas those shown from other combinations are 

monotonic. However, this process proved to be insufficient in elimi-

nating inversion in the integral spectra entirely. As a test, all 

available data were processed in this manner, and a three-dimensional 

model was constructed in which the cutoff time tc is a continuous func-

tion of the variables L and E. Sample calculations were performed with 

Vette's AE-2 model of the environment (Vette et al., 1966) in which 
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the effect of cutoff time on orbital flux integrations was investigated. 

The resulting orbit-integrated spectrum was not monotonic and showed 

an inversion for energies E > 1.75 MeV. 

In order to improve the model and completely eliminate spectral 

inversioifs within the energy range 1.00 < E < 3.00 MeV, an iterative 

technique was devised that, for a given L, would yield approximate 

boundary values of tc as a function of energy. The calculation was 

based on the following inequality, which must hold for all energies 

between 1 and 3 MeV in the L range of 1.3 < L < 2.0: 

jAtk1T > j
k+ 

le
-At 

k+l/T k+l	 CS) 

where the subscript k refers to a specific energy level, while the k+l 

refers to any energy level greater than that of k, t is the lifetime 

of the decaying artificial electrons, j is flux, and At is the time 

interval from the data date to an arbitrary decay date. The fluxes are 

taken as input for a given epoch. Then this inequality defines condi-

tions on the At's that set limits on the cutoff dates. 

For integral spectra, by definition 

3k+1 

and according to the decay time model of Stassinopoulos and Verzariu 

T  > Tk+l 

and consequently, from Equation 5, when replacing At with the cutoff 

time tc minus the data time td, one obtains: 

  Tk+l \(Lk+l' + Tk+l (t ) + t 
(t )k+i > Tk+l ln 3k )
	

Tk	 c k	 d (i - Tk )
	

(6) 
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For a fixed value of td (752 days for the AE-2) and for given t, 

and j at some arbitrary energy k, a lower bound for the cutoff time at 

some other arbitrary k + 1 can be determined from the Equation 6. A 

refined set of cutoff times was thus obtained for each L value. In 

order to assume a linear relationship between cutoff times and energy, 

the total energy range (0.25 < E < 3.0 MeV) was divided into five sec-

tions small enough to assure that the partial derivatives of tc were 

constant within each. The final linearized cutoff times for every L 

value are shown in Figure 14 over the entire energy range considered. 

In addition, the final cutoff time for L = 1.5 is compared with the 

initial estimates of Figure 12. Table 7 gives tc at selected energy 

thresholds as month and year after Starfish injection. 

The continuous functional relationship of t to its variables 

L and £ is given by

tcctEL+E+yL+6	 (7) 

where the coefficients were obtained by linear curve fitting. 

Because of the accuracy of the method, no dependence of tc on B 

has been considered in Method 2 as with Method 1. The coefficients 

of Equation 7 are presented in Table 8. It is estimated that the 

maximum error in the cutoff times given by Equation 7 due to any cause 

does not exceed 15%. 

C.	 The Cutoff Time Model 

The comparison of the results of Methods 1 and 2 are presented in 

Figures 15 through 22. The cutoff times, with units of months after 

Starfish injection, are shown as a function of energy for L values in 

the range 1.3 5 L 5 2.0. In general it can be seen that Method 1 

provides better coverage at low energies, and Method 2 provides better 
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coverage at high energies. The values presented for Method 2 are 

obtained, by interpolation between the three energy thresholds of the 

1963-38C satellite as described in Section IV.B. For Method 1 the 

values are presented at thresholds corresponding to the lower energy 

limit of each channel of the OGO spectrometer. In the regions where 

the results of the two methods overlap, it is clear that the cutoff 

times agree within the estimated error. The estimated error for the 

Method 2 results corresponds to the maximum figure of 15% discussed 

in Section IV.B. The most significant differences between the two 

methods occur at low L values and high energies, the greatest dif-

ference being approximately 18 months at L = 1.3 and E = 2 MeV. 

The accuracy of both methods presented is likely to be poor in 

the regions where extrapolations are performed. These regions are at 

high energies for Method 2, where extrapolations beyond the proton 

background have been performed, and at high energies and low L values 

for Method 1, where cutoff times later than the data epoch have been 

obtained by extrapolating for the quiet day natural background. The 

maximum difference between the results of the two methods quoted in 

the previous paragraph occurs in a region where both methods are ex-

trapolating. 

Improved estimates of the cutoff times in these extrapolation 

regions can be obtained by comparing conditions before Starfish injec-

tion with those at epochs later than the cutoff times. Estimates of 

the high-energy electron flux for pre-Starfish epochs can be obtained 

using proton data from Explorer 4 (Mcllwain, 1963; Vette, 1966) for 

epoch 1958 and Explorer 12 (Ackerson and Frank, 1966) for epoch 1961. 

Both satellites measured total particle omnidirectional fluxes, and the 

energy thresholds for electrons and protons are shown in Table 1. 

Assuming that the observed count rate from these satellites resulted 
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entirely from electrons, an upper limit can be obtained for the pre-

Starfish electron fluxes above 1.6 and 2 MeV. (Note that it is probable 

that less than 60% of the total count rate actually resulted from elec-

trons.) The equatorial omnidirectional flux radial profiles are shown 

in Figure 23 for data from these two satellites. For Explorer 4, the 

data have been extrapolated to the equator using the B dependence given 

by the proton model AP-4 (Vette, 1966). Shown also in Figure 23 are 

the AE-5 electron radial profiles (Teague and Vette, 1972) for epoch 

October 1967 corresponding to 63 months after Starfish injection. If 

it is assumed that the broken curves in Figure 23 represent the natural 

electron flux following the completion of the Starfish decay process, 

estimates can be made of the cutoff times for the low L values at which 

Method 1 extrapolated for the natural electron flux. Using the decay 

time model presented in Section III, the cutoff times shown in Table 9 

are obtained. These values are compared with those given by Methods 1 

and 2, and it is clearly evident that in this region where both models 

are extrapolating, the results of Method 2 are superior. 

In determining the final cutoff time model on the basis of the 

results of Methods 1 and 2, emphasis was given to Method 2 for high 

energies and low L values. The final cutoff time model is shown in 

Figures 15 through 22 as solid lines. A threshold-energy vs L-value 

map for cutoff times is presented in Figure 24 summarizing the model. 

The dotted curve in this figure represents the latest epoch for which 

data were available for Method 1. Estimates of the errors associated 

with the cutoff time model are presented in Table 10 for various L 

values and energies. It is clear from Figure 24 that the longest-lived 

particles from Starfish occur at L z 1.3 earth radii and ET z 1.6 MeV, 

and that these particles are significant in relation to the natural 

content of the belt for approximately 8 years after Starfish injection. 

However, it is also clear from Table 10 that the maximum lifetime coin-

cides with maximum error for the reasons discussed in this section. 
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Qualitative confirmation of the cutoff time model can be obtained 

by comparison of the model with data from the 0V3-3 and OGO 5 data. 

The energies of electrons detected by the spectrometers on these 

satellites are given in Table 1. Note that only the high-energy chan-

nels from OGO 5 are used in this study and that the spectrometer meas-

ured fluxes in four additional lower energy channels. Figures 25 

through 28 show the residual Starfish flux component for energies 

ET > 500 keV for 1.6 ^! L > 1.3. Equatorial perpendicular integral 

flux spectra are shown for 48 and 72 months after Starfish injection 

(in.a.s.) and correspond to epochs of mid-1966 and mid-1968. Integral 

flux data are shown from the OGO 3 and 0V3-3 satellites for epoch mid-

1966 and from the OGO 5 satellite for epoch 1968. Note that, although 

storm effects are generally small at these L values, only quiet time 

data has been used. It is evident from Table 1 that the energy ranges 

covered by the OGO 5 spectrometer are not contiguous. Estimates of 

the integral -fluxes were made by using linear interpolation on the 

logarithm of the differential fluxes. In Table 1, it can be seen 

that the 0V3-3 spectrometer measured electrons with E < 2.472 MeV 

only. For L = 1.3 and 1.4, the differential spectra given by the 0V3-3 

data are very hard, and significant error is introduced in the integral 

spectra if the flux of particles with E > 2.472 MeV is assumed to be 

zero. Estimates of this part of the spectrum were made by using linear 

interpolation on the logarithm of the flux with the boundary condition 

that the logarithm of the flux for E > 4 MeV was zero. In comparing 

the data and the model it should be noted that the model is an estimate 

of the residual Starfish flux component, whereas the data correspond 

to total (i.e., Starfish plus natural) flux. Thus, if the . model is 

a good representation of the data, it may be inferred that the Starfish 

component is dominant and that the cutoff time should be appreciably 

later than the epoch of the data. Conversely, if the observed fluxes 

are clearly greater than the model, then the Starfish component has 

become insignificant and the cutoff time should be earlier than the 

22



data epoch. The model cutoff times are indicated on the abcissa scale 

of each of the Figures 25 through 28. As discussed previously, it 

should be appreciated that a significant error is associated with the 

model curves, and differences of less than a factor of two between the 

model and the data may not be significant. For L = 1.3 (Figure 25), 

the model is a good representation of the data at both epochs with the 

possible exception of the 637-keV, OGO 5 data point, and thus, the 

cutoff times should be at epochs greater than I = 72 m.a.s. From the 

cutoff time scale, this can be seen to be so with the exception of the 

lower energies where cutoff is given as t - 71 m.a.s. The same obser-

vations may be made at L = 1.4, except that the 637-keV data value now 

lies clearly above the model curve. At L = 1.5, the highest energy 

channel of the OGO 5 spectrometer is clearly above the model and indi-

cates that cutoff has been passed for these energies. For the highest 

L value shown, the model is significantly below the OGO 5 data for all 

energies, indicating that cutoff occurred for T 5 < 72 m.a.s. However, 

the model is a good representation of the 0V3-3 and OGO 3 data for 

T5 = 48 m.a.s., indicating that t > 48 m.a.s. It can be seen from 

the tc scale on Figure 28 that the cutoff time model exhibits these 

characteristics. 

Approximate estimates of the natural high-energy flux at low L 

values may be obtained by decaying the Starfish model to t = tc. 

These estimates are shown in Figures 25 through 28 as broken lines. 

It should be emphasized that an error of a factor of three is likely 

on these fluxes, except in regions where direct comparison can be made 

with the OGO 5 data (i.e., L = 1.6). 
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V. CONCLUSIONS 

A model of the inner zone residual Starfish flux component in 

September 1964 has been presented, indicating that the most significant 

residuals in relation to the natural background remain at low L values 

and intermediate energies (approximately 0.5 MeV). A more complete 

description of the derivation of the Starfish flux model was previously 

presented by Teague and Vette (1972). An average decay time model has 

been presented for 0.1 5 E 5 3.0 MeV based upon data from the OGO 1, 

OGO 3, Explorer 26, Pegasus A and B, Explorer 15, and OV1-2 satellites 

and the Stassinopoulos and Verzariu decay time model. Considerable 

differences are observed between the various decay time values, particu-

larly for energies E < 500 keV. The average decay time model indicates 

that a maximum decay time at any L value occurs in the energy range of 

0.3 < E < 1 MeV. The model estimates the maximum decay time in the 

inner zone to be 380 days approximately at E = 1 MeV and L = 1.45. 

The Starfish flux and decay time models have been used to show substan-

tial agreement with the OGO 1 and 3 and 1963-38C data in January 1965 

and June 1966. 

Estimates have been made of the times at which the Starfish decay 

process can be considered to be completed, that is, when the natural 

electron content of the inner zone is comparable to the residual Star-

fish flux. These estimates have been made by two separate methods, and 

substantial agreement between the results have been demonstrated. 

Qualitative confirmation of the cutoff times has been obtained by com-

parison of the Starfish model and data from the 0V3-3 and OGO 5 satel-

lites. The cutoff time model indicates that the Starfish electrons are 

longest lived in the inner zone at L = 1.3 and E = 1.6 MeV approximately 

25



and reach the natural background approximately 8 years (July 1970) after 

Starfish injection. Therefore, an important conclusion of the present 

analysis is that, for present epochs, the Starfish nuclear explosion 

no longer affects the trapped particles in the radiation zones.

0 
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TABLE 1. Energy Ranges of Data Sets 

Electron 
Satellite Channel Energy Range (key ) Type of Measurement 

0G0 1 and 3 1 36 - 133 Unidirectional Differential Electron 

2 133 - 292 Flux 

3 292 - 690 September 1964 to April 1965 (OGO 1) 

4 690 - 1970 June 1966 to December 1967 (OGO 3) 

5 1970 - 4740 

0V3-3 1 2147 - 2472 Unidirectional Differential 	 Electron 

2 1880 - 2200 Flux 

3 1615 - 1925 August to December 1966 

4 1329 - 1651 

5 1075 - 1375 

6 814.5 - 1099.5 

7 574.5 - 849.5 

8 350-600 

9 225-375 

OGO 5 5 637 - 1007 Unidirectional Differential Electron 

6 270 - 1790
Flux 

7 2550 - 3090
1968 

Explorer 4 >2000 Omnidirectional Integral Total Particle 
Flux 

Protons E > 43 MeV 

Explorer 12 >1600 Omnidirectional Integral Total Particle 
Flux 

Proton E > 21 tleV
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TABLE 6. INITIAL CUTOFF TIME* ESTIMATES METHOD 2 

Energy Threshold (MeV) 

L .28 1.2 2.4 

1.3 54 47 21 

1.4 51 71 15 

1.5 47 61 12 

1.6 43 51 9

*Cutoff times in months after Starfish injection. 
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TABLE 8. CUTOFF TIME COEFFICIENTS* 

Energy	 L Range 
Range (MeV	 (earth radii)	 c.	 y	 6 

0.10 -	 0.15 <1.4 -314.0 493.4 54.0 -38.72 
0.15 -0.20 <1.4 -48.0 121.0 -18.97 63.43 
0.20 - 0.30 <1.4 -64.67 144.33 -16.42 59.83 

0.10 -	 0.15 ^1.4 -48.0 121.0 -18.97 63.43 
0.15.- 0.20 ^i.4 -64.67 144.33 -16.42 59.83 
0.20 - 0.30 ^0.4 -105,83. 201.67 -8.29 48.58 

0.30 - 0.40 ALL -135.71 249.43 .7142 34.171 
0.40 - 0.55 ALL -128.57 233.14 -2.143 40.687 
0.55 - 0.75 ALL -117.87 208.73 -8.031 54.113 
0.75 - 0.90 ALL -93.324 164.65 -26.437 87.175 
0.90 -	 1.0 ALL -72.714 121.43 -44.986 126.07 
1.0 -	 1.1 ALL -29.357 48.215 -91.279 204.11 
1.1 -	 1.25 ALL -47.304 74.827 -71.537 174.83 
1.25 -	 1.5 ALL -35.332 52.132 -86.502 203.20 
1.5 -	 1.7 ALL -20.667 27.867 -108.50 239.60 
1.7 - 2.0 ALL -20.001 23.344 -110.65 248.68 
2.0	 - 3.0 ALL -14.530 12.790 -121.61 269.79

= ctEL + E + 1L + 6 months.
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TABLE 10. ACCURACY OF CUTOFF TIME* MODEL 

Energy CMeV) 

L .03 .05 .1	 .3 .5 1 3 

1.3 ±4 ±4 ±4	 ±4 ±5 ±8 ±10 

1.4 ±3 ±3 ±3	 ±3 ±4 ±8 ±10 

1.5 ±3 ±3 ±3	 ±3 ±4 ±8 ±10 

1.6 ±3 ±3 ±3	 ±3 ±4 ±6 ±7 

1.7 ±3 ±3 ±3	 ±3 ±4 ±8 ±8 

1.8 ±3 ±3 ±3	 ±3 ±6 ±8 

1.9 ±8 ±7 ±5	 ±5 ±7 ±8 

2 ±8 ±7 ±5	 ±6 ±8 ±9

*Cutoff time in months after Starfish injection. 
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