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“The aeronantical and space activities of the United States shall be
conducted so as to contribute . . . 10 the expansion of buman knowl-
edge of phenomena in the a:mosphere and spece. The Administration
shall provide for the widest practicable and appropriate dissemination
of irformation concerning its activities and the results thereof.”

—NATIONAL AERONAUTICS AND SPACE ACT OF 1958

NASA SCIENTIFIC AND TECHNICAL P""BLICATIONS

TECHNICAL REPORTS: Scientific and technical information considered
important, complete, and 2 lasting contribution to existing knowledge.

TECENICAL NOTES: Information less broad in scope but nevertheless of
importance as a contribution to existing knowledge.

TECHNICAL MEMORANDUMS: Information receiving limited distribu-
tion because of preliminary data, security classification, or other reasons.

CONTRACTOR REPORTS: Scientific and technical isformation gencrated
under a2 NASA contract or grant and considered an impcrtant conzribution to
existing knowledge.

TECHNICAL TRANSLATIONS: Information published in a foreiga
language considered to merit NASA distribution in Eaglish.

SPECIAL PUBLICATIONS: Iaformation derived from cr of value to NASA
activities. Publications include conference proceedings, monographs, data
compilations, handbooks, sourcebuoks, and special bibliographies.

TECHNOLCGY UTILIZATION PUBLICATIONS: Information on tech-
nology used by NASA that may be of particular interest in cemmercial and other
non-aerospace applications. Publications include Tech Briefs, Technolngy
Utdli2ation Reports and Notes, and Technology Surveys.

Details on the availability of these publications may be obiained from:

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Washington, D.C, 20546

R
——

; -

L

§

»
PR
e MY AN

L

N
< 0
R
IR gt g

>
4.

g P
Ay .
aﬁmn,‘m‘n v Bl B

T
ML Pt Nt

.

'*‘%s"?gg,r.g‘m‘ o i
L
-~

R ,
ok itap AR w1 sy

‘;"ﬁ

"

AN g b 0 o7,
T A N '

BT

RS TI
L

5y

LB
A Ardolliereink

S

]

. n——— e




e s ———t S

NASA SP-3024

...

j

JOSEPH H. KING

: Aerospace Corporation

A study sponsored by the National Aeronoutics and Space

Administration and the United States Air Force and pre-
= pared under Air Force contract by Aerospace Corporation,
4 El Segundo, California.
Ey { Scientific and Technical Information Division
k_ OFFICE OF TECHNOLOGY UTILiZATION 1967
} NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
: Washington, D.C.
*" N




R S i o SR

T T

fafe K

g

Preface

- A program sponsored jointly by the National Aeronautics and Space
Administration and the United States Air Force has been in progress
under the direction of Dr, Vette for the purpose of defining a model
radiation environment of the Earth, In Volumes I and II of NASA
SP-3024, the environment was given for the lower altitude region where
trapping is relatively stable and changes in radiation flux occur only
slowly and are generaily small. In Volume I, the electron environ-
ment was described which is found at 18,300 n. miles, the altitude of
the Earth synchronous orbit. The present report contains a model of
the low energy proton flux for energies below 4 MeV,

Sincelow energy protons are stopped very easily, their contribution
to radiation damage can be neglected in most cases. Over a iarge re-
gion of space, however, their flux is intense, thus they may be the prime
cause of deterioration of sensitive surfaces. These effects may be
particularly important to temperature control surfaces, optical windows,
or thefirstelementin a counterielescope for studying nuclear radiation.

This compilation would not have been possible without the assist-
ance given by the investigator who performed the original measure-
ments, All users of this model environment will greatly appreciate
these efforts. Clearly, no model can be better than the data available
for deriving it.

A. W. Schardt

Physics and Astronomy Progra:us
NASA BHeadquarters
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INTRODUCTION

This report is the continuation of a series of model environmerts of the particle radiations
trapped in the geomagnetic field. Preceding environments have described protons of energies
greater than 4 MeV trapped in the inner zone and electrons trapped in the inner and outer zones
and at synchronous altitudes (References 1, 2, 3). The four previous proton environments are dis-
tinguished hy «ne energy range over which each is applicable. The omnidirectional, integral fluxes
ar2 presented in the form

JGEi B, Ly = J(>E;; B, L) o (FE1)/BoBL)

where E, is the reference energy for each environment. The spectral parameter E, (B, L) is dif-
ferent in the various environments, or equivalently, E, (B, L) is a discontinuous function of energy.
The criterion for determining the energy range over which an environment may be applied has
been the existence of an exponertial parameter E, which represents the data over that range with
the desired accuracy. It was found necessary to construct previous environments over the energy
ranges 4 - 15 MeV, 15 - 30 MeV, 30 - 50 MeV, and >50 MeV.

The present environment, AP5, describes protons of energies below 4.¢ MeV trapped between
L = 1.2and L = 6.6. The general approach is the same as in the preceding proton environments,
but there are two main differences. Again the energy range of validity is that over which a simple
spectral representation suffices, but we inquire into whether a power law cependence or an ex-
ponential dependence is more representative of the data below 4 MeV. (Neither reprcsentation will
be more aciurate ihan the approximate factor of two uncertainty associated with the temporal
fluctuations in the data.) It is found that, over the complete region of B-L space of interest, ueither
representation provides a significantly better {it to the data than the other. Consequently the ex-
ponential representation is chosen for the sake of continuity with the preceding environments.

The second difference between this and previcus environments is that in this case there is not
a unique energy which may be assigned as the lower energy limit. As will be discussed more fully,
there is an L-dependent peak in the differential energy spectrum which leads to an L-dependent
lower energy limit of the model. This lower limit may be taken as 0.1 MeV for L > 3.5, and grad-
ually increases as L decreases. (See Figure 3.)

The distribution function J(>0.4 MeV; B, L) and spectral function E, (B, L) are presented in
tahular form. Many graphical comparisons of the model with the data are given, Orbital integra-

tion tables are presented for circular orbits up to 18,000 n. miles and for 15 energias and 14 energy
bands.
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TEMPORAL VARIATIONS

In Table 1 is pres‘ented alist of the data employed in the construction of this environment, All

- | the experiments involved the measurement of unidirectional proton fluxes. Scintillation deteciars

were utilized on the P-11 and the three Explorer experiments, while solid state detectors were
used cn the Relay 1 and Injun 1 experiments. During the period over which the data coverage ex-
tends (July 1961 - April 1965), temporal variations of up to a factor of two occur in the measured
fluxes, at least for L <4.5. The growth and decay factors invoclved in these changes are position-
and energy-depsndent. That the temporal changes are fluctuations and not monotonic processes
as in'the case of Starfish electron decay is indicated by the data. Between December 1962 and
May 1963, Fillius and Mcllwain observe a slight decay in the fluxes of protons with energies
greater than 1.1 MeV (Reference 5). Two years later White, and Davis and Williamson observed
an increase in the fluxes of these particles and a decrease in the fluxes of lower energy protons
(References'ﬁ,'ll). Detailed discussions of the observ~d temporal dependence of low energy pro-
ton fluxes are presented in References 6, 9 and 11,

As larger L values are considered, fluctuation amnplitudes also become larger. Davis and
Williamson have reported on rapid (ten minutes) order of magnitude changes of proton fluxes at
L = 4.9 associated with the 17 April 1965 magnetic storm (Reference 9). Also, the 1962 Davis-
Williamson data (flux greater than 0.5 MeV) are in apparent disagreement with the corresponding
data obtained two years later on Mariner IV (Reference 12). The lattcr is about two orders of mag-
nitude smaller than the former fo~ L 2 6.0.

This model environment is presented with no explicit time dependence, despite the foregoing
discussion. At L 4.5 there are not yet sufficient data to determine the long term (say, eleven
years) temporal behavior of the proton fluxes, but there are sufficient data to establish the fluc-
tuating character of the temporal variations and to establish the factor of two as an approximate
upper limit to the fluctvation amplitude. Thus the fluxes predicted by the model should be within
a factor of two of any of the observed fluxes. Graphs to be cons.dered later will demonstrate the
validity of this statement.

AtL 2 4.5, we have chosen to utilize the 1962 Davis-Williamson data near the equator rather
than the Krimigis~Armstrong Mariner IV data. The former are more extensive and indicate higher
flux values, which are perhaps more appropriate for applications purposes. At large B values the
Mihalov-White data are utilized, and interpolated flux values are assigned to intermediate B values.
When sufficient low energy proton data are available in this high L region, a time-statistical anal-
ysis of the proton fluxes {comparable to that performed on synchroncus electrons in AE3) may be
warranted. It is in the region L 2 5.0 that the ability of the B-L coordinate system to order the data
begins to fail due to the neglect of magnetospheric distortion. These factors should be borne in
mind in using the environment at very large L values,
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IAP5 ENERGY LIITS

Peaked differential energy spectra of low energy proton fluxes have been observed by Mihalov
and White (Reference 8) and by Davis and Witliamson (Reference 9). As L increases, the energy
at which the peak occurs decreases. This behavior is also theoretically predicted by diffusion
theory in whick the firat two adiabatic invariants, but not the third, are conserved in particie mo-
tioa (Reference 13). Shown in Figure 1 is a plot of the energies at which this peak was observed at
different L values. At a given L value, the peak occurs at larger energy as B decreases (i.c., as
the equator is approached). .

1t is desired to include in this environment only that energy range in which the data can be
represanted by a simple spectral function (power law or exponential) to within the desired degree
of accuracy. Because the accuracy of the model has been limited to a factor of two by the time
fluctuations in the data, the lower energy limit of this medel may be extended to energizs some-
what (but not arbitrarily) lower than the peak energy of the differential spe~*rum.

In Table 1 are presented the L values over which the various sets of data have been used.
Curves to be presented later show that, at any given L value, the data do agree with the model to
within a factor of twn. The lower energy limit to be assigned to the model at’ given L is lower
than that of the data utilized at that L value, as listed in Table 1. To illustrate this, we present in
Figure £ the environment flux at the equator, where the inclusion of very low energy data is least
likely to match the environment. A comparison of the 1662 and 1965 Davis-Williarnson fluxes of
protons (E > 0.1 MeV) with the environment is presented. It is clear that, except near L = 4.5,
the E>'0.1 MeV data agree with the model beyond L % 3.5. We take 0.1 MeV to be the low energy
1imit of the environment beyond L = 3.5. Data on protons of energies lower than 0.1 MeV are not
yet available.

In the region L < 2.0 only the Relay 1 data and the Injun I data were available at the tim2 the
environment was constrocted. Neither of these involves proton energies less than 1.0 MeV. The
data of Fillius and Mcllwain suggest that the differential spectral peak occuss at energies above
1.1 MeV in this region (Reference 5), as may have been expected by an extension t¢ L <2.0 of the
curve determined by the Davis equatorial points of Figure 1. The nested character of the energy
intervals in the Fillius-McIlwain experiment renders impossible a more accurate determination
of peak energy. Despite this, a single spectral representation is agssumed as appropriate for this
data, and az shown in Figure 27 that even with this approximation, the model is representative of
the data to within a factor of two. Below L = 1.5 there are no comprehensive data available in the
energy range of intereat; as such the flux values attributed to the model for L < 1.5 are extrapolated
from the data available at L > 1.5.

Presented in Figure 3 is a curve of the L-dependent energies which may be assigned as the
iower energy limit of the model while yielding an accuracy of a factor of two for the
eavironment.
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£ PROTON ENERGY SPECTRUM :
. The environment is presented in terms of integral, omnidirectional Juxes ) (>E; B, L, t)
*= J(>E; B, L). The function J (>E; B, L) is presented as the product of a distribution function of fluxes BN
; above the reference energy, E,, and a spectral function, N(>E; B,L): o ;
; £
E JOE;B, L) = J{E,; B, L)NCE B/ L) . a

T

1t is assumed that the spectral function is of a simple form. Both a power law representation,

TRy 5 i
£t e

N(>E; B, L) = (F/E,)"’(B"') , % -

iz

and an exponential representation,

TR

NGE: B, Ly = e 5 ED/Z(EL)

were examined. That representation which better fit al! the da

.rer the entire B-L range of the
environment was to be chosen. However, as will be shown, the s

.

pooad of the data does not clearly
dictate the choice cf one representation over the other, even though some of the data favors an

exponential spectrum (Reference 4) while other data favors a power law spectrum (Referénce 8).

The temporal fluctuations in the data indicate that the consideration of a spectral function of any
greater complexity is unwarranted.

The manner of determining the better representation and best parameter (p, E,) at a given
point in B-L space is as follows. Let J; (E;¢ -E,,; B, L) be the i*" observed flux salue at the B, L

: point, representing a flux of particles lying in the energy interval E; ¢ to E;, (where E;, may be
E: infinity). If an exponential spectrum is agsumed, such that

JOE:B.L) = J{E;:B L) e TR

then the flux at the reference energy, E., corresponding to the i‘" data value and j'" possible E,
is given by

BBy (BL)
Iy (>Ex; B.L) = J, (E;4~E;. B, L)

(e -r-;‘,g/sw B.L) -_c-t:h,/t:oj (2 l.))
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Alternatively, if a power law spectrum is assumed, such that J(>E; B, L) = J(>E; B, L) . (E/E,)?®D |

then the flux at the reference energy corresponding to the i** data value and j** possible pis

E 'P’(Bnl‘)
Iy (>E1: B, L) = 73, (E;l,‘E;u: B, L) (Eipj(B.L) N Eu-p’(B'L))

If we assume that there are n observed data values at the B, L point of interest, then the flux

chosen at the reference energy (i.e., the distribution function) is the geometric mean of the J
that is

ij?

=1/n
g, priim 1) - [HJ (i, Lﬂ‘ :
ixl

This, of course, is equivalent to

1 n
logJ; (>E;: B, L) = 3 Z logJ,, (E,; B, L)

i=1

We determine the better representation and best spectral function as those which minimize
ihe logarithmic root mean square deviation of the fluxes at the reference energy,

e 1/2
) Z : (logJ; (>EﬁB.L)-logJ‘i(>E1;B,L))z )

ENT~Ea

Minimizing o, for each representation yields the best spectral parameter for each spectral repre-
sentation. The better representation is that one giving the smaller minimum o. Thus the spectral
representation and parameter which best describes all the data are selected at each of a sufficiently

firze grid of points in B-L space. A computer program was generated by A. B. Lucero to perform
the preceding analysis.

After the best E,and best p are chosen at each B-L point, curves of E, versus B and of p versus
B are drawn at fixed L values. Because the various sets of data overlap only partially in B-L space,
a certain amount of smoothing of these curves is necessary. Prescnted in Figures 4 - 21 are the
E, and p values at selected L values. The dots are obtained from the pointwise consideration of the
data, while the solid lines are the smoothed values.

It is possijble to determine spectral varameters by a consideration of data obtained un one ex-
iiment only. Such parameters have been determined and are represented by the various symbols
shown in rigures 4 - 21. The differences among these values may be Jue in part to the differing
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energies or observation times invelved. They are included to give the reader an estimate of the
disagreement among the various experiments.

The procedure actually followed was to consider both the power law and exponential spectral
representations, with the smoothed values of E, and p used to determine distribution functions.
The logarithmic root mean square deviations (o) were again obtained for each representation, and
the values of o were averaged over B for fixed L (i.e., along a line of force). The results of this
calculation are shown in Figure 22. A calculation of

where (v _,); is the average value of cat L = 2 + .2i, yields the result that 1 = .78 for the ex-
ponential representation, while I = .80 for the powsr law representation. It is clear that over

the complete range of interest, neither representation gives results significantly better than the
other. As such, we have elected to present the details of this environment using an exponential
spectrum, because preceding environments have utilized exponentia! spectra. Thevaluesof E, which
coastitute the spectral part of this environment are presented in Figure 23 and in Table II. It is

clear that the spectrum softens as L increases and that, at a fixed L value, the spectrum generally
softens as B increases.

DISTRIBUTIGN FUNCTION

After the distribution function J(>E, = 0.4 MeV; B, L) is obtained as described previously, a
log B-L plot of isoflux contours is drawr and smoothed. The result is a distribution function
smoothed in both Band L. This log B-L plot is shown in Figure 24, while the distribution function
is given in tabular form in Table 2. Figure 25 shows the distribution function in the more physically
intuitive R-A representation. It is apparent that there is a sharp decrease in the flux levels as the
atmosphere is approached along a given magnetic field line. In Figure 26 the equatorial fluxes of
protons with energies above 0.4 MeV and 1.0 MeV are precented. Maxima in these curves occur
near L = 3.0and L = 2.8 respectively. The E> 0.4 MeV fluxes are based in part on data taken
near 0.4 MeV for L > 2.0 but are based on extrapolations from data taken on E > 1.0 MeV proton
fluxes for L <2.0. This discontinuity in the data leads to the slight irregularity near L = 2.0 in
the E > 0.4 MeV curv2 of Figure 26. Data on protens with energies above 1.0 MeV were incorporated

into the model for L 2 1.5, and this is reflected in the smoothness of the E >1.0 MeV curve of Fig-
ure 26.

Figures 27 - 37 show the distribution function at selected L values, along with the values of
the experimentally observed fluxes as reduced fo the reference energy by means of the model ex-
ponential specirum. It may be observed that the environment agrees with the data to within a fac-
tor of two or better, nearly everywhere. Shown in Figures 38 - 42 are the distribution function and
corresponding experimental fluxes obtained at integer L values using a power law spectral
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represeatation. Comparison of Figures 27 ~ 37 with Figures 38 - 42 again illustrates the fact that
neither spectral representation is significantly preferred by the data.

Fiuxes of (£ > 0.4 MeV) protons circulating perpendicular to the magnetic field direction have
been obtained by conversion from the AP5 omnidirectional fluxes. These unidirectional fluxes are

presenied in graphical form in Figure 43 and in tabular form in Table 2.

ORBITAL INTEGRATIONS

Fluxes accumulated in various satellite orbits have been obtained by orbital integrations dis-
cussed in detail in Reference 1. Orbital integrations have been performed for circular orbits up
to 18,000 n. miles in altitude and at inclinations of 0°, 30°, 60° and 90°. Fluxes accumulated in 14
energy bands-and the integral fluxes above the 15 associated energy levels have been calculated on
a computer. These results are presented in Tab'e 3, with the flux values in units of protons/cm?2-
day. The time interval between successive orbit points and the total running time are shown;
however, the total accumulated fluxes have been divided by the running time, in days, to obtain the
average flux per day. (The symbol * is to be read "greater than.") Figure 44 illustrates the ac-
cumulated daity fluxes of protons with energies above 0.4 MeV.

DISCUSSION

A model environment of the fluxes of protons having energies below 4.0 MeV has been pre-
sented. Because of the peaked character of the differential energy spectrum, it was necessary to
assign an L-dependent lower energy limit to the model. This is shown in Figure 3. The data
coverage was best in the region 2.4 <L <4.0, and only limited in the regions 1.2 <L <2.0 and
5.2 <L <6.5. Because of the temporal fluctuations in the data, the accuracy of the model is given
approximately by a factor of two over much of the region of B, L space. Larger amplitude temporal
variations and a relative shortage of data render the environment somewhat less accurate at L >5.0.

It was determined that over the energy and B-L ranges of interest, neither the exponential nor
! the power law spectral dependence was significantly more representative of the data than the other.
) An exponential representation was chosen because previous proton environments have utilized ex-
ponential spectra. Individual experiments (e.g. Reference 8) have indicated that a yower law rep-
resentation may permit the construction of individual environments valid over greater energy
ranges than has been possible using exponential spectra. This will be investigated after all the
proton environments have been updated.
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Figure 1—Locations of peok in differential energy
spectrum as observed by the indicated experimenters.
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Figure 3—Recommended low energy limit of
proton map APS.
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Figure 5—Compoariscen of spectral paremeter Eq
with data at L = 2.5.
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Figure 2—Comperison of APS equatorial flux with fluxes
of E > 0.1 MeV protons observed in 1962 and 1965; the
APS5 spectru:n has been used.
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Figure 4~Comparison of exponential porameter £ with

doto ot L = 2.0. Hecvy dots indicate the vaiue of E

which best fits oli the data ot fixed B. Special sym-

bols indicate the volue of Ey which best fits data ob--
tained from one experiment, Solid line is & (B) used

in APS.
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Figure 6—Comparison of spectral paremeter Eg
withdata at L = 3.0.
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Figure 7~Comparison of spectral parameter Eg
with dota at L = 3.5,
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Figure 9—Comporison of spectral parameter E,
with doto ot L = 4.5.
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Figure 11—Compoarison of spectral parameter E,
withdatos at L = 5.5,
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Figure 8—Comparison of spectral parameter E,
withdoto ot L = 4.0,
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Figure 10—Comparison of spectral parameter E,

with data at L = 5.0.
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Figure 12—Comparison of spectral parameter E,
with dota ot L = 6.0.
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Figure 13—Comporison of power law parameter p
with data at L = 2.0.
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Figure 15—Comparison of power law parameter p
withdato at L = 3.0.
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Figure 17—Comparison of power law porometer p
with data ot L = 4.0.
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Figure 16—Comparison of power low porometer ¢

with data at L = 3.5.
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with data at L = 4.5.
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Figure 19—Comparison of power law parameter p

withdota ot L = 5.0.
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Figure 21—~Comparison of power low parometer p
withdata at L = 6.0,
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Figure 20—Comparison of power law porameter p
with data ot L = 5.5.
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Figure 22—Measure of spread of data, averaged over B
for fixed L, using the two spectral representations. See
text for definition of o.
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Figure 23—Spectral parameter E, used in the proton environment AP5.
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Figure 25—R-\ flux map of the AP5 environment.

Figure 24—Log B-L flux map of the AP5 environment.
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Figure 31 ~Compcrison of proton map AP5
with data at L = 3.5.
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Figure 36—Comporison of proton map AP5
with data at L = 6.0.
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Figure 38—Comporison of data with distri-
bution function obtained ot L = 2.0 using
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Figure 37—Comparison of proton map AP5
with data ar L = 6.4.

109

] 17' [ [ L] I ol [ 3K l__
3 i _
«Z N _
81 —]
s 107 3
g n N
s = -1
& | .
>
2 0 -
- ]
pd R
A - -
>
3 18- -
- - -
<
S _ | DISTRIBUTION FUNCTION FOR N
£ PONER LAW SFECTRUMN
b L:30 ]
S -1 © P2 aP? 7 P17 -1
E R AR + P8 o PN -1
=3 - | © P4 a P2 e P21 =
[=3 [« 3 -] A PIY QP2
-{ ® P6 v Pl6 x P -
Ty Y] BT TN
0.001 0.01 0l I
B (gauss)

Figure 39—Compoarison of date with distri-
bution function cbtained at L = 3.0 using
power law energy spectrum.

17

. o i

SGNR s

4..\,,«
i

g

PEae WP

TR




]
A
g

A,
i

!

N
iR S R R

i

b e,
Gy i

Bacte:

T

TR

T

il

Ty
o

EaiLeaa

T
ikt

i

e

18

10— LRI L I B I R B B 8
o~
§ 0= e -
<] - -
IR -
<
a b= -
2 107~ -
= r .
< . .
S
A - -
>
> |05-- —
= T ]
| | GSTRBUTION FUNCTIWN FOR
g‘ FONER LAK SPECTRUM -
& " L=40 ]
5 oP2 0P
] |05-- eP3 e p2 ]
o o < Pl e P22 p
=] = APR  x P23 -
z - -
3
. -
|0‘ NIRRT
0001 001 0l I
B (gouss)

Figure 40—Compoarison of data with distri-
bution function obtained at L = 4.0 using
power law energy spectrum.
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Figure 42—Comparisor of data with distri-
bution function obtained at L = 6.0 usiia
power low energy spectrum.
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Figure 41—Comparison of data with distri-

bution function obt

aincd ot L = 5.0 using

power law energy spectrum.
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