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PREFACE 

Space systems planners-space engineers as well as physicists- 
require for their work accurate values of the fluxes and spectra of en- 
ergetic particles trapped in the geomagnetic fields. Data from many 
investigations were used in derivingthe model of the radiation environ- 
ment described in Volume I to IV of NASA SP-3024. As more informa- 
tion becomes available, it is possible to refine our initial model. This 
Volume of NASA SP-3024 updates and supercedes the information given 
in Volume I on inner belt protons in the energy range 4 < E < 30 MeV. 

A continuing effort to refine our model of the Earth's radiation en- 
vironment is being conducted under the auspices of the National Space 
Science Data Center. As  this work progresses, we will update theorig- 
inal model environment and hopefully develop the capability to predict 
changes in particle population that occur in response to major pertur- 
bations of the magnetosphere. 

This compilation would not have been possible without the assist- 
ance of the investigators who performed the original measurements. 
All  users of this model environment will  greatly appreciate these ef- 
forts. Clearly, no model can be better than the data available for 
deriving it. 

A. W. Schardt 
Physics & Astronomy Programs 
NASA Headquarters 
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This report is the fifth in a series describing model environments of the charged particles 
trapped in the geomagnetic field. The preceding volumes gave model environments for (I) protons 
and electrons in the inner zone, (11) electrons in the inner and outer zones, (III) electrons at syn- 
chronous altitudes, and (W) low energy protons (Vette, 1966; Vette e t  al., 1966 and 1967; and King, 
1967). The omnidirectional, integral fluxes for the five previous proton environments were pre- 
sented in the form: 

J ( > E ;  B, L) = 
-(E-, )/E,( B , L )  J( > E,; B, L)  e 

where E, is the reference energy for the environment and E,, (B, L) is the spectral parameter. The 
energy ranges for the environments were determined by the existence of an E, that represented 
the data within the desired accuracy. The previous proton environments were for the energy 
ranges < 0.1 to < 4 MeV, < 4 to < 15 MeV, < 15 to < 30 MeV, < 30 to < 50 MeV, and < 50 MeV. 

The environment, AP6, combines the data of the previous models for < 4 to < 15 MeV and < 15 
to < 30 MeV with newer data (see Table l), to form a single model for < 4 to <30 MeV and L = 1.2 to 
4.0. The earlier data in this energy range were rather limited, and the additional data now avail- 
able indicate that a revised flux map is necessary. The same is not true in the other energy ranges 
where the newer data available for study agree reasonably well with existing models. Both power 
law and exponential spectral functions were investigated. It was  found that a power law provided a 
more accurate representation of the data over the region of B-L space of interest. The results of 
the power law spectrum only a re  presented here. 

The distribution function, J (< 4.0 MeV, B , L ) ,  and the spectral function, P(B, L),  for a power 
spectrum are  presented in both graphical and tabular form. Graphical comparisons of the model 
with experimental data are  given. This report includes orbital integration tables for circular 
orbits up to 10,000 nautical miles in altitude and for 26 energy bands. 

TEMPORAL VARIATIONS 

The time periods of the data used in constructing this model are  indicated in Table 1. Data 
from later time periods are  not yet available for study. The individual data sets show very little 
evidence of temporal fluctuations over their respective periods of observation. An indication of 
the stability of the inner zone protons was given by Fillius (1966a). He found that the Relay 1 
measurements of protons with energies < 63 MeV taken before September 22, 1963, compared 
favorably at specific B-L points with other data taken from September 1960 to August 1964. Pieper 
(1966) has discussed the temporal stability of inner zone protons before 1962. 
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Even when significant changes with time are  observed, the responsible mechanisms are rarely 
simple or completely understood. Changes in the geomagnetic field and the density of the atmos- 
phere a r e  possible causes of temporal variations, since these influence the trapping and retention 
of charged particles in the earth's radiation belts. A magnetic storm can cause, at different points 
of space, fluctuations in the magnetic field sufficient to alter the local flux and spectrum. Both 
adiabatic and nonadiabatic flux redistributions have been observed, and both types of change fre- 
quently occur in connection with the same storm. The variations in atmospheric density that re- 
sult from the solar cycle have been predicted to bring about different fluxes and spectra at the 
same B-L point (Blanchard and Hess, 1967). However, the high-altitude Starfish explosion of July 
1962 may have caused a magnetic field perturbation which subsequently changed the flux and spec- 
trum of protons and masked the solar cycle effects. The nature and extent of the observed time 
dependences of the < 4-MeV proton data were discussed by King (1967). The considerations here 
a re  restricted mainly to the > 4-MeV proton data and indicate that no time dependence is needed 
for this model once the effects of the magnetic storm of September 23, 1963, are  taken into account. 

Adiabatic changes in the flux of protons with energies between 1 and 14 MeV were seen by Fil- 
lius (1966b) in the data from Relay 2. He found that geomagnetic storms caused a drop in the 
proton flux of several hours duration; this was followed by a recovery to the prestorm level. The 
events were more severe, more frequent, and of longer duration at large L-values than at small 
ones. For example, the geomagnetic storm of April 1, 1964, brought on flux decreases of 7 per- 
cent at L = 1.8, 25 percent at L = 3.0, and 90 percent at L = 3.6, while the recovery times ranged 
from a day to weeks as  L increased. 

The magnetic storm of April 17 to 18, 1965, was observed by Explorer 26 and had both adia- 
batic and nonadiabatic effects. As shown in Figure 1, the 40- to 110-MeV proton fluxes were af- 
fected by the ring current that was established on April 18, 1965 (McIlwain, 1966). The fluxes for 
L < 2.4 returned to their prestorm values as  the ring current decayed. The changes were non- 
adiabatic at higher L-values, since the poststorm flux levels remained depressed with time. For 
example, at  L = 2.8 the ratio of prestorm to poststorm omnidirectional fluxes was  2.7. The be- 
havior of the lower energy particles was more complex and is discussed in detail by Brown et al. 
(1968). The magnetic storm caused an adiabatic decrease of the described type in the outer zone 
electrons with energies between 300 and 500 keV and protons with energies between 100 and 180 
keV. The storm then led to an abrupt increase in proton and electron fluxes in most of the energy 
ranges observed. This increase may have been caused by a nonadiabatic acceleration of the par- 
ticles, during a polar substorm, that resulted from an instability in the ring current. 

The effects of the magnetic storm of September 22 to 23, 1963, were recorded by the proton 
detectors of Relay 1 and presented by McIlwain (1965a). The magnetic storm may be characterized 
as having induced a nonadiabatic transition between two stable proton distributions. The flux of 
protons with energies > 34 MeV was found to have decreased by a factor of over 10 for L > 2.5, 
while for lower L the amount of change decreased until it was less than 10 percent for L = 1.80 to 
2.10. The nature of these changes at several L-values is illustrated in Figure 2. The indications 
a re  that the 18.2- to 35-MeV data underwent similar changes, but that the > 5.2-MeV data were un- 
affected to the first order. Gabbe and Brown (1966) noticed a similar type of behavior during this 

3 



time period in their Telstar 2 data for 18 to 27 MeV and 49 to 145 MeV. Bostrom and Armstrong 
(1966) found that the flux of protons in the energy range 1.2 to 2.2 MeV and at 1 . 6 2 ~ 5 2 . 2 ,  de- 
creased following the magnetic storm of September 23, 1963. The maximum decrease was a factor 
of 5 at L = 1.8. 

The Relay 1 data used were from measurements taken before September 22, 1963. The Aero- 
space Corporation P-11 data were taken in 1964 and, as will  be seen later, they exhibit a softer 
spectrum than earlier data for L 2 2.2. These experiments imply that the proton radiation belt was 
compressed for L 2 2.0. A similar trend has been noted by McIlwain (1965b), who made a compari- 
son of the 40- to 110-MeV proton fluxes from Explorer 15 and Injun 3 adjusted to January 1, 1963, 
and from Explorer 26 adjusted to January 1, 1965. Such behavior may easily be visualized in the 
framework of a flux map plotted in terms of the geocentric radius R and the magnetic latitude h . 
A constant flux line on such a map is now found at a lower geocentric radius than it previously 
occupied. This aspect has been incorporated into the model environment since the Aerospace 
P-11 data were favored when the distribution function was constructed. 

The effects of the solar cycle have been investigated by several experimenters who used data 
gathered in the South Atlantic anomaly. Freden, Blake, and Paulikas (1965) found that the spectrum 
of their P-11 data at L = 1.3 was quite similar to a 1960 nuclear emulsion experiment (see also 
Freden and White, 1962). Since the early measurement was made near solar maximum and the 
later one near solar minimum, the lack of change contradicts the predictions of Blanchard and 
Hess (1964 and 1966). However, the Starfish high-altitude nuclear explosion of July 9, 1962, oc- 
curred during this time period and may have affected the proton fluxes thus negating the solar 
cycle changes. Through a series of nuclear emulsion experiments, Heckman and Nakano (1965) 
found that the flux of 58- to 70-MeV protons did not vary significantly from September 1962 to 
September 1963. The proton spectrum was  found unchanged after 1959, although the flux level was 
approximately four times greater than what was expected on the basis of the 1958 Explorer 4 meas- 
urements (McIlwain, 1961). Filz and Holeman (1965) used nuclear emulsions to measure the 55-MeV 
proton flux and noted that during July and August 1962, the flux had increased with respect to their 
data for August 1961 to June 1962. The data for the latter time period were constant to within 30 
percent, although Blanchard and Hess (1964 and 1966) implied changes of 60 percent should be 
observed. In addition, the August 19631 to June 1962 data agreed with the earlier Explorer 4 data, 
while a change of 1200 percent was expected from the calculations of Blanchard and Hess. Con- 
sidering this relative constancy of the flux and the nature of the increase versus altitude for the 
July event, the probable cause seems to be a nonadiabatic pitch angle redistribution, possibly from 
geomagnetic perturbation caused by Starfish, rather than atmospheric density changes. 

Further data of Filz and Holeman (1965) extend to June 1964 and show that the flux decayed in 
accordance with ionization losses alone. A series of nuclear emulsions of Filz from 1965 showed 
no further decreases, although he expected decrease by a factor of 2 from the 1963 levels (Filz, 
1966). Nakano and Heckman (1968) have continued with their nuclear emulsions and present a 
slightly different post-1962 picture; they show that the flux of protons with energies above 63 MeV 
was constant (to within h7.6 percent) from November 1962 to June 1966. But they found that from 
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August 1966 to November 1967 the flux had decreased in the same direction as that indicated by the 
calculations of Blanchard and Hess. 

Since the existence of solar cycle changes is not clearly established, no attempt was made to 
include them in the present model proton environment. There is no doubt that the density and com- 
position of the upper atmosphere change with the solar cycle. However, the equilibrium flux values 
at any point depend upon both the source functions and the total loss mechanisms; these are in- 
completely known. 

An indication of the complexities involved in the separation of different loss mechanisms and 
source functions is presented in Figure 3. This plot shows that the electron decay times obtained 
from measurements over periods of several months show a different L -dependence than the electron 
decay times based on events of a few days duration (Imhof et  al., 1967). Another problem in study- 
ing temporal variations arises from the inaccuracies of the magnetic field representations. Lind- 
strom and Heckman (1968) have shown that 10-year secular changes in the main geomagnetic field 
are  large enough to significantly change the flux at aB-L point. In the South Atlantic anomaly, for 
example, the change may be by a factor of 4, independent of solar activity. In addition, since dif- 
ferent field representations associate different B-L points with the same geographic point, the 
variations between two flux maps may not be physically significant. 

P R Q ~ O N  ENERGY SPEGT 

The environment is presented in terms of omnidirectional, integral fluxes, 

The function J ( > E ;  B, L )  is equal to the product of a distribution function of fluxes above the refer- 
ence energy, E, (4 MeV here), and a spectral functionN(>E; B,L):  

J ( > E ;  B, L)  = J ( > E , ;  B,  L) N(>E;  B, L) . 

Both a power law representation, 

N ( >  E; B, L)  = ( E / E , ) - ~ ( ~ , ~ )  , 

and an exponential representation, 

-(E-E~)/E~ (B. L) 
N(>E;  B, L)  = e 

were examined. The method used to determine the better parameter (P, E,,) at a given point in 
B-L space was described by King (1967). It should be recalled that the experimental data are  
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converted to the flux above 4 MeV by a trial spectrum. The resulting spread of the data is a cri- 
terion for choosing the spectral type and its associated parameter. Plots of the converted data 
versus B for fixed L are useful in obtaining the distribution function J(>E;  B, L). The interdependence 
of J (> E; B, L) and the spectrum at a given L -value and the behavior of the converted data at nearby 
L-values lead to an iterative procedure. Hence, a tentative distribution function results along with 
the spectrum. 

Exponential representations were used in the previous proton environments (Vette, 1966; King, 
1967), although King showed that a power law was equally suited to represent the proton flux < 4 
MeV. Both types of spectrum have been used since the early rocket experiments. The power repre- 
sentation was favored by Brown and co-workers for their Telstar 1 and 2 data because the extrap- 
olations to low energies of the power law based upon their high-energy measurements agreed 
better with the low energy data than did the corresponding exponential representation (Brown and 
Gabbe, 1965; Gabbe and Brown, 1966; Brown, Gabbe, and Rosenweig, 1963). Freden, Blake, and 
Paulikas (1965) found the power law preferable for protons with energies below 35 MeV, especially 
for those in the energy range 10 to 30 MeV. In contrast, they found that protons with energies > 55 
MeV favored an exponential spectrum. 

The experimental data used in constructing this model were better represented by a power 
law than by an exponential. The only exception was the Aerospace P-11 data at L < 1.60. Since 
the bulk of the data heavily favored the power law, only the power law is discussed further. A 
pointwise consideration of diflerent combinations of data sets led to plots of the power law param- 
eter P versus B at fixed L. A selection of these plots is presented in Figures 4-12. The solid 
lines represent the smoothed values of P and comprise the spectrum for this model. 

The spectrum at L = 1.2 was chosen so that the predicted flux would be consistent with Valerio's 
(1964) 40- to 110-MeV data from Injun 3. Thus, the predictions of this model and those of AP1 
(Vette, 1966) for the flux above 30 MeV are  in close agreement at L = 1.20. For the same reason, 
the spectrum at L = 1.30 was adjusted slightly. The Aerospace P-11 data of 1964 for L 2 2.20 pre- 
sent a softer spectrum than the earlier Relay 1 data, as can be seen from Figures 10 through 12. 
The flux of protons with energies above 4 MeV, as predicted by AP5 (King, 1967), was used as a 
guide in constructing the model for L > 2.60. 

The P values for each L value from L = 1.20 to 4.00 for this model proton environment are 
presented in Figure 13 and Table 2. The latter follows the assembled figures, The general trend 
is a softer spectrum with increasing i, although the spectrum does harden between L = 1.90 and 
L = 2.30 before resuming its trend toward softness. For each L 5 1-90, the spectrum hardens as 
B increases, but for L 2.00 the spectrum first hardens and then softens with increasing B. 

DISTRIBUTION FUNCTION 

Once the distribution function, J (> E, = 4.0 MeV; B, L), has been determined, a plot of constant 
flux contours in B-L space is drawn. This cross-plotting leads to more smoothing and adjustment. 
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Figure 14 shows the resulting distribution function plotted versus B for fixed L, while Table 2 is its 
tabular presentation. The graph of constant flux contours inB-L space is given in Figure 15, while 
Figure 16 presents the same flux contours in R-X space. The equatorial fluxes of protons with 
energies above 4.0 MeV have a maximum at L = 1.80, as can be seen in Figure 17. Figure 18 is a 
plot of the > 4.0-MeV unidirectional flux perpendicular to a field line and was obtained from the 
distribution function by a method described by Vette (1966). 

Figures 19 through 26 show the experimentally measured fluxes converted to fluxes above the 
reference energy of 4.0 MeV by the model spectrum. The solid lines represent the distribution 
function for this model. The model environment is within a factor of 2, at most, of the experi- 
mental data over most of B-L space. 

ORBITAL INTEGRATIONS 

The fluxes accumulated in circular orbits with altitudes from 150 to 10,000 nautical miles and 
inclinations of Oo, 30°, SO0, and 90°, were calculated by a computer program that is based on methods 
of Vette (1966). Fluxes were accumulated for 26 energy bands and for the 27 associated energy 
thresholds. The logarithm of the distribution function, and the values of P, L ,  and B, were all in- 
terpolated linearly. The magnetic field representation used was the 120-term spherical harmonic 
expansion of Cain e t  al. (1967), with the coefficients evaluated for June 1968. The results of the 
orbital integrations are presented in Table 3, with the flux values in units of protons/cm* -day. 
The time interval between successive orbit points and the total accumulation time are  shown for 
each altitude. Figure 27 shows the accumulated daily fluxes of protons with energies above 4.0 MeV. 

SUMMARY 

A model environment of the fluxes of protons with energies between > 4.0 and > 30.0 MeV has 
been presented. The experimental data used were for the time period 1962 to 1964 and were con- 
centrated between L = 1.30 and L = 2.60. A power law was used for the model spectrum because 
it was found to be a more accurate representation of the data than an exponential function. 

The model agrees generally within a factor of 2 with all of the experimental data over most of 
B-L space. This spread is not caused solely by temporal fluctuations, since inherent disagree- 
ments in the data to this accuracy are  also involved. Data sets from the same regions of B-L space 
and time differ by factors of 2 or more. Some of the divergences may be attributed to difficulties 
with solid-angle calibration as a function of energy, or to inaccurately known proton detection ef- 
ficiencies and thresholds. In addition, the behavior of detectors over time is sometimes difficult 
to assess properly. A more sophisticated description of the proton environment is not warranted 
until there is better agreement among experimental data. Such a model would incorporate better 
spectral descriptions, time fluctuations, and magnetic perturbation effects. 
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Figure 6 -Comparison of spectral parameter P with 
data at  L= 1.60. 
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Figure 5 -Comparison of spectral parameter P with 
data at  L =  1.40. 

- 

POWER LAW PARAMETER P 
L - 1.70 

P1. P2, P3. P4. 
P5, P6. P7, P9 
P1, P2. P3 

' 0 b4 ' 0.b8 ' 0.112 ' 0.\6 ' 0.iO ' 0.\4 ' 0.128 ' O(32 ' 0.i6 
B (gauss) 

Figure 7 -Comparison of spectral parameter P with 
data a t  L= 1.70. 
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Figure 14-The omnidirectional f lux versus B plot  
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Figure 15 -The B - L flux map for AP6. The contours 
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Figure 16 -The R - X flux map for AP6, The contours 
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Figure 18-Unidirectional proton flux map for AP6, 
E 4MeV. 

Figure 17 -Omnidirectional profon flux a t  the geo- 
magnetic equator. 
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Figure 19-Comparison of proton map AP6 with 
satellite data a t  L= 1.20. 
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Figure 20-Comparison of proton map AP6 with 
satellite data at  Lzl.40.  
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Figure 22-Comparison of proton map AP6 with 
satellite data at L=  1.80. 

1 

7 - 7 ,  , 1 I I I , , , , I 

PROTON MAP AP6 
L=1 .60  

CI P1 O P 7  
0 P2 x P8 
O P 3  v P 9  
+P4 AP10 

0 P6 
o ~5 n p 1 1  

-1- -1 - i d  
0.06 0.12 0.18 0.24 0.30 

B (gauss) 

21 -Comparison of proton map AP6 with 
satellite data at  L= 1.60. 

0 P2 x P8 
OP3 V P 9  
e P 4  APlO 

0 P6 
O P ~  n ~ 1 1  

, , 
0 06 0 '12 ' ' 

B lgaussl 
K1 

Figure 23-Comparison of proton map AP6 with 
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Figure 24-Comparison of proton map AP6 with 
satellite data at  L=2.10. 
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Figure 26-Comparison of proton map AP6 with 
satellite data at  L=2.50. 
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Figure 25 -Comparison of proton map AP6 with 
satellite data at  L=2.30. 
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