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Abstract

A simple model of solar flare radiation event
rarticle transport is developed to permit the cal-
culation of fluxes and related quantities as s
function of distance from the sun (R). This model
assumes the particles spiral around the solar mag-
netic field lines with a constant pitch angle.

The particle angular distributions and onset plus
arrival times as functions of energy at 1 AU agree
with observations if the pitch angle distribution
peaks near 90°, 4 g consequence the time depend-
ence factor is essentially proportional to R‘1-7,
(R2in AU), and the event flux is proportiomal to
R-2,

I. Introduction

Solar flare particle events constitute one
of the important sources of natural nuclear radia-
tion at 1 AU from the sun. Approximately 100 such
eventg have been observed at the earth (see Table
1),(1 ranging up to ~ 1010 protons/em®-event
above 10 Mev. Various particle flux models have
been developed describing the time and energy
behavior observed st 1 AU. These models, coupled
with prediction mechanisms (usually correlated to
sunspot numbers) have been used to estimate the
expected solar flare particle environment at 1 AU
for future space missions. These techniques have
also been used for missions to Mars (1.5 AU) and
Venus (0.7 AU).

For missions which involve sending spacecraft
far from 1 AU’(e.g., the Mercury-Venus and the
Outer Planet missions), the solar flare particle
model developed from observations at 1 AU is not
adequate. Specifically, the dependence of the
golar flare particle event model on distance from
the sun must be incorporated. This paper presents
a simple model for incorporating this spatial
dependence which agrees with the observations at
1 AU,

II. Model at 1 AU

The flux of solar flare particles observed at
1 AU is observed to rise quasi-linearly over a
period of some hours to a peak value, then decay
approximately exponentially over an appreciably
longer period. The onset, rise, and characteris-
tic decay times are functions of particle energy.
A previously developed mathematical eipression
which has these characteristics is:(2

n
Ate ©E t

¢(>Eo, t) = particles (1)
Eom cm€-hr
where E_ ig the perticle energy(Mev)

t 1is the time from the arrival of the first
particles (hrs)
A 1is a normalization factor
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approximately constants

828R

If the characteristics of the largest solar flare
particle events are used to evaluate o , n, and
m, the values obtained are approximately 0.022,
0.k, and 0.75, respectively. An attempt to
incorporate the varistions of these quantities
due t? sadiation event size led to the relation-
ships 3

a - p-0-224
_ 16A-O.l6

where all quantities are as previously defined.
Incorporation of these relationships in Equation
(1) yields formulae which account for the shorter
rise and decay times and steeper energy spectra
for the smaller events. However, the smaller
event characteristics vary so much that generali-
zations are difficult and attempts to account for
the size-dependent characteristics are generally
more trouble than they are worth.

Based on Equation (1), the following relstions
have been derived:

*(>E,) = A _ 00 .
o? gmten 1.55 cm?
o E, 2
t_, ~ 1 ) b5
rise = = = O. hr
o Eq
Tdeeay =22 - 10
n 0 .
A © o
¢(>Eo) =4 e et = _1TA particles (3)
eg ®* 7 g 115 emehr
¢(E) = ﬂA Pal‘ticles/ch_Mev (h)-
g2-55
0.4
-0.022E t
b(E,0) =Ate )
+ (0.75 + 0.0088 t Eo.u ) Derticles

cme-hr-Mev

These relationships have proven useful when
applied to large solar flare radiation events at
1 AU. 1In rarticular, they have been applied to
events for which the data was incomplete--some
of the numbers in Table I were obtained this way.

These formulae have no dependence on the dig-
tance from the sun, and are therefore strictly




applicable to 1 AU only. In the following
sections, modifications of these formulae to
account for distance from the sun are discussed.
III. Particle Transport

Tn order to account for the dependence of
the solar flare particle event model on distance
from the sun, it is necessary to have a particle
transport model. Since particle acceleration and
particle transport are related during the accel-
eration portion of the particle event, it is
desirable to go back to the solar flare itself.

A solar flare is an event observed to take
place sbove the photosphere of the sun, generally
lasting & 20 minutes. The flare, which is most
readily observed at the I%man -a wavelength of
ionized nydrogen {~ 1215 X} is believed to derive
its energy from the collapse of the magnetic
fields sssociated with sunspots. Various theories
have been advanced to account for the acceleration
of charged particles during or as & result of a
solar flare. Among these theories are betatron
acceleration and shock wave acceleration. In
betatron acceleration, a charged particle orbiting
ebove a collapsing sunspot gains energy as in a
leboratory particle accelerator of the same name.
In shock wave acceleration the absorption of the
Lymen - o photons in the inner corona produces a
supersonic blast wave which accelerates the
charged particles. These proton accelerat%g?
mechanisms have been investigated by Gold,
Wentzel,(5) Parker,(®) weade11,(T) and others.

The evidence is not conclusive for any single
mechanism, and both betatron and shock wave
accelerations probably contribute.

Once the charged particles have been accele-
rated, their propagation away from the sun is
controlled by the interplanetary magnetic fields.
These interplanetary fields are complex, having
time and spatial dependences which are not well
known. However, by making some simplifying
assumptions, it is possible to obtain a spatially
dependent solar flare particle model.

If it is assumed that the quiet sun inter-
planetary magnetic field ig essentially undis-

turbed during the propagation of the solar flare
protons, it is possible to write:

@

Bqv, = T

o]
|

L
v, =V sin B
AT v cos @3
where

B is the solar magnetic field (vebers/m?)

B, is the radial component of B (webers/me)
(see Figure 1)
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By 1is the aximuthal component of B (webers/mg)

R’ ig the distance from the sun (AU)

aq 1is the charge of the particles (coulombs)

v ig the velocity of the charged particles
(meters/sec)

v, is t?e perpendicular component of V‘(meters/
sec

iy is the parallel component of v (meters/sec)

Bis the piteh angle (angle v makes with the
guiding center line of B). Since Br = B = 3.5 X
1079 webers/m® (3.5 gemmas) st 1 AU, B i% ~5
gemmas, and the gryroradius is 2.75 x 10 \/ﬁ'
meters, where E is in Mev. The gyroradius as a
function of distance from the sun is approximately

r=3.9%x 107 Re B meters (6)
1+ R

This function is plotted in Figure 2.

Assuming the particles spiral around the mag-
netic lines of force, it is expected that their
gyroradius will increase as their distance from
the sun increases. Based upon the above equations
it is expected that their pitch angle g will
decrease with distance from the sun, according
to the well-known relationship.

Jaq sineﬁ
= = constant
2mE B

However, the pitch angle (P) cannot exceed 90°.

If the charged particle has this limiting angle
close to the sun, its pitch angle might be
expected to become quite small by the time it
reaches 1 AU. If a particle has a pitch angle

of 90° starting at 10 solar radii, the calculated
pitch angle will be ~ 3° by the time it reaches

1 AU (~ 215 solar radii) according to this model.
Since solar flare event particles are observed

at 1 AU to be essentislly isotropic after the flux
peak, this simplified model is clearly unrealistic.

It is possible to obtain reasonable agreement
with observations at 1 AU by meking the assumption
that the pitch angle is independent of distance
from the sun. This accounts for the fact that
particles of a given energy with smell pitch
angles will arrive first (as is obgerved), and
the resultant particle angular distributions
spread as functions of time. To the extent that
this model appears to agree with the observations
at 1 AU, it may be useful for calculating the
spatial dependence of solar flare particle radia-
tion.

The transit time (t,.) as a function of parti-
cle energy and pitch angle (both assumed to be
constants of the motion) is

ttr =_5
iy

where s is the length of the line of magnetic flux
which serves as the guiding center for the parti-
cle gyrorotation. This length(s) may be calcu-
lated from the relationship:



: =[ds =[%dr)g +(rae)?

But since
tan™l r de _ tan~t By = tan"l g
dr -;
r 8 =R dr
Therefore
=R
8 dr, /1 + R2
=0

% [5\/1 + B + log (R+ 1+ R2) ] (1)

When the distance from the sun (R) is small the
two terms are approximately equal in value, but
as the distance from the sun increases, the first
term predominates. This function is graphically
displayed in Figure 3. A reasonable approxima-
tion is:

~R + R

— (8)
L

If it is assumed that the pitech angle (p) of the

particle is a constant of the motion, the transit

time as a function of pitch angle and particle

energy may be calculated. Based on Equation (7),

the result is (for protons):

tep 5.5 x 100 [R 1+R2+10g(R+‘/1+R)]
vVE

8

(9)

cosP

seconds
where R is in AU and E is in Mev. With only a
few percent error in the region of interest (0.1 -
10 AU) this may be approximated by

b R 2
fer 11x200 _Z 41 4R seconds  (10)
VE cosB E‘

Values of this function are listed in Tables II-
IV, and are plotted in Figures (4) to (6). These
figures show the expected dependence on proton
energy (E), pitch angle (B ), and distance from
the sun (R). In principle, this expression may
be solved to obtain any of the quantities as
functions of the others. The quantity of major
interest is the proton flux as a function of thesge
parameters. This is determined by the initial
proton distribution in B » assuming no protons
are lost after being accelerated.

If no particles are lost after being accele-
rated, the total number per cm? per event is
expected to be proportional to R-2 gR = distance
from the sun in AU). Assuming an R time-inte-
grated spetial dependence effectively makes the
solar flare particle event probability spetially
independent. Any other assumption introduces the
complication of a spatislly dependent probability
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function. Since the time-integrated particle flux
for a mission is essentially the product of the
flux per event end the probability of that event,
little, if anything, is gained by considering a
spatially dependent particle event probability.

If a significant fraction of golar flare
particles is lost after being accelerated, the
flux per event will exhibit an R™® gpatial
dependence where n'> 2 over the region where
particle loss is important. The ma jor probable
loss mechanism is collision with objects in space
(magnetospheres, planets, moons, etc.) Consider-
ing the relative emptiness of space this is not
expected to be a major losg mechanism. Even the
asteroid belt is only~10- opaque, which means
that the solar flare particle traversing it will
be small. (It may not be completely negligibdble,
however, since the proton helical path length
through the asteroid belts will be ~ two orders
of magnitude larger than that of a solar photon).
The probability of a solar flare particle encoun-
tering a planet, even assuming the particles are
esgentiaelly confined to the ecliptic plane is<1%.

It is interesting to calculate the pitch angle
vhich corresponds to the peak flux rate. At 1 AU
the onset + rise time (time from the flare on the
sun to the peak flux rate) is approximately:

rise~—“’5
g O.h
(¢}

t hrs

where E  is the proton energy in Mev. (This
relationship was obtained by averaging the values
observed for the largest radiation events--smaller
events often have shorter onset + rise times).
Since the proton transit time (given by Equation
9) is proportional to E'O'S, there is apparently

& constant delay time to be added. A little
arithmetic shows that this delay time is 860/cos p

seconds. Thus:
trise = vgr §§9 seconds
cos

This accounts for the acceleration time during
which the protons do not migrate away from the sun
significantly as well as the time between the
arrival of the first protons of a given energy
and the peak flux of these protons. It will be
noted that a fairly steep proton energy spectrum
has been assumed (based on observations at 1 AU),
since the onset + rise time for particles above
energy E is taken to be essentially that of

. (]
rarticles of energy Eo-

For 1, 10, and 100 Mev protons at 1 AU, the
observed onset + rise times (trige) are ~1.6 x
10° seconds,~6.5 x 10* seconds, and ~ 2.6 x 10%
seconds, respectively. The corresponding transit
times are ~ 1.5 x 10 seconds, ~5.2 x 10* seconds,
end ~1.5 x 104 seconds. These are the transit
times for protons with pitch angles of ~ 86°,
will be noted that any change of pitch angle as
the protons migrate away from the sun will decrease
the transit time below that observed. Thus, unless
there is some mechanism which acts to increase the

It




pitch angles of protons as they move away from
the sun, the assumption of constant pitch angle
appears to be superior to any obvious simple
alternative. Also noteworthy, is that beyond

2 AU solar flares on the back side of the sun can
be importent sources of particles.

Another interesting conclusion, valid to the
extent that the assumption of a constant pitech
angle is valid is that the bulk of the protons
have pitch angles close to 90°. Besed upon
Equation (2), only ~26% of the protons above a
given energy have arrived at 1 AU by the time the
peak flux rate of these protons has been reached.
Thus, ~ T4% of the protons observed at 1 AU
appear to have pitch angles between 86° gnd 90°.
Assuming a random distribution of proton velocity
directions prior to acceleration, a sin B pitch
angle distribution would be expected from solid
angle considerations. Apparently, the accelera-
tion mechanism favors particles with pitch angles
close to 90°, This seems to favor the betatron
acceleration mechanism over the shock wave accel-
eration mechanism. However, since the constant
pitch angle assumption is merely a simplified
model, any conclusions based upon it must be con=
sidered uncertain.

The maximum pitch angle determines the limits
of the particle angular distribution as a function
of time and energy. The particle angular dis~-
tribution within these time and energy dependent
limits according to this model is determined by
the initial particle pitch angle distribution.
However, not enough angular distribution infor-
mation is available to derive statistically mean-
ingful pitch angle distributions as functions of
time and energy.
its incorporation into this model is straight-
forward.

IV. Spatially Dependent Model

Tt is now possible to use the transport
model to calculate the parameters of the solar
flare particle radiation as functions of distance
from the sun. Since the pitch angle 1s assumed
to remain constant, so does v, (the particle
velocity parallel to the line of magnetic force
which serves as the gyrorotation guiding center).
The time for a particle to reach a given distance
from the sun is simply proportional to the spiral
path length (given by Equation 7). Thus, the
time dependence of the solar flare particle flux
is expected to be

t
f (R)

th~ + t

o]

where £ (R) is given by Equation (7) and t_ is ~
1.2 x 10" gec. It is, therefore, possible to
rewrite Equations (1) to (5) incorporating R (the
distance froleS*She sun, as a parameter). The
results are:\ -~ m -1

OB, 1) = A(t-to) © “efo £ (B)e
R- £2(R) ES"
(11)
-0.022}300'!* 1 (R)t
~ A (t-to) e particles
8 £2(R) A cmP-hr

When such date becomes available,

j¢(>E°) I 2

«® R Eom + 2n
~ 2100 A particles (12)
2 gl-9o )
t . =_1 +t o~ U5
rise - hrs (13)
% 0.F o (RY
o B £ (R) E,0-* £ (R)
Tdecay 2‘1}15 ; ~__100 hrs (1)
@E," £(R) £ 0% £(R)
A -1
¢ (< Eo) =_Ae - ~ 17T A (15)
af(R) B T " £(R) E_1°10
o]
particles
em“-hr
$(E) = 32002A particles (16)
R B2 onP-Mev
.~0.022E0-4%¢71 (R)t
¢(E, t) = At e ( )
g2 gl-T5
[0.75 + 0.0088tf'l(R)E0‘]+] particles (17)

cme~hr-Mev

where all symbols have been previously identified.
As mentioned previously, f (R) can be approxi-
mated by

2

f (R)~R, /1 + R

I

For R>1, this may be further epproximated by Rl'7

with 215% error at 1 AU and & smaller error for
1< R< 5.

The relative spatial dependences of the time-
integrated particle flux rate ( « R-2. £~2 (R)
are shown in Figure 7. These curves show that the
relative solar flare particle enviromment becomes
severe as the sun is approached. For the largest
such particle event observed at 1 AU (11-12-60),
the peak and time-integrated proton fluxes abov%
10 Mev at Mercury (~ 0.4 AU) would be ~T.2 x 10
p/emP-sec and ~6.3 x 1010 p/en?, respectively --
enough to affect sensitive spacecraft components.
For this same event the correspondin% numbers at
Jupiter {~5.2 AU) would be 120 p/cm“-sec and
3.7 x 10° p/em?, which should cause no trouble.

It will be noted theat particle loss and.
change of particle energy after acceleration have
been neglected. If either of these changes takes
place (and there is some evidence that they do),
the solar flare particle enviromment as the .sun
is epproached will be even more severe than here
calculated. Conversely, at distances greater than
1 AU, the enviromment may very well be less severe
than expected.
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V. Conclusions
= e USIONS

The solar flare particle event model developed
to fit the observed data at 1 AU has been modified
to account for the distance from the sun. This
was. accomplished by assuming each flare particle
independently spirals around the solar magnetic
field (carried frozen-in by the solar wind),
vwhile maintaining its pitch angle constant. Among
the consequences of this transport model are:

(a) The majority of the solar flare particles
have pitch angles close to 90°, (glcu-
lated pitch angle particle distributions
as a function of time agree fairly well
with observations at 1 AU.

(b) The solar flare particle flux rate is
quite d$pendent on distance from the sun
(~r3: ), while the time integrated
particle flux obeys the expected inverse
square distance relationship (R'2),

(e) Tne solar flare particle energy spectra
are essentially independent of distance
from the sun, since particle losses efter
acceleration are neglected. Some parti-
cle losses probably occur, leading to a
softening of the energy spectra and
larger flux spatial dependences than
herein calculated.

This solar flare particle event model is directly
applicable to missions which involve sending a
spacecraft on missions in the ecliptic plane far
from 1 AU from the sun. It is particularly appli-
cable to missions to Mercury and to the outer
Planets. It is not intended to apply far from

the ecliptic plane or past the heliosphere. With-
in these limits it provides an easy-to-use improve-
ment over spatially independent models.

VI. Nomenclature

A Normalization factor for solar flare
rarticle event model

AU Astronomical unit (1.5 x 108 km)

B Solar magnetic field strength (webers/
meter<)

B. Raedial component of solar magnetic field

strength (webers/meter?)

Be Tangential component of solar magnetic
field strength (webers/meter?)

E Particle energy (Mev)

Eq Particle energy limit (Mev)

J Angular momentum of particle gyrorotation
around solar magnetic field line (kg-
mete I‘Q-sec'l )

m Parameter in solar flare particle event
model
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n Parameter in solar flare particle event

model

q Particle charge (coulomb)

R Distance from sun (AU)

r Radius of particle gyrorotation around

solar magnetic field line (meters)
s Iength of solar magnetic field flux line
(meters)

t Time (hrs)

trise Onset + rise time (time from flare on sun
to particle flux maximum observed at R AU)
(seconds)

ty Particle transit time from the sun (seconds)

v Particle velocity (meters/sec)

) Component of particle velocity parallel to

solar magnetic field (meters/sec)

YL Component of particle velocity perpendi-

cular to solar magnetic field (meters/sec)

o Parameter in solar flare particle event

model
g Pitch angle of particle velocity with
respect to solar magnetic field (degrees)
¢ Particle (proton) flux (particles/cm®-hr-
Mev)
L) Tipe-integrated particle flux (particles/
cm?)
A 2
¢ Peak particle flux rate (perticles/cm“~hr)
6 Azimuthal angle (polar coordinate)
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Table T. Annual Totals for dolar Flare Rediation Event Particle Fluxes at 1 AU

Number of Events ([$>10 Mev) Annual Totals (particles/cma)
vear 1516 >107 >108 >10° >10%° [$>10 Mev [6>30 Mev [$>100 Mev
1956 101 1 2.7 x 107 1.1 x 107 3.7 x 10°
1957 1 b 6 3 1.0 x 10%° 8.5 x 108 5.9 x 107
1958| 1 4 2 4 1.1 x 101° 1.4 x 109 9.6 x 107
1959 o 1 5 2.2 x 1010 .3 x 109 b2 x 108
960 3 1 1 11 1.3 x 10™° 2.7 x 107 3.9 x 10°
1961 1 5 3 1 2.1 x 100 b2 x 10° 4.9 x 107
1962 1.6 x 10° 2 x 10 1. x 10
1963| 1 1 1 5.6 x 10° 6.5 x 107 6.4 x 10°
1964 11 1.2 x 108 1.2 x 107 1.1 x 10°
1965 2 1 2.2 x 100 2.2 x 100 2.0 x 10°
1966 3 2 8.1 x 108 1.0 x 108 1.0 x 107
1967 3 o1 1 2.2 x 10° 2.7 x 10° 2.8 x 10
1968| 1 3 b 1 2.1 x 107 2.4 x 10° 2.3 x 10
Table II. Transit Times (Seconds) for Protons as a Function of Pitch Angle at 1 AU
e “oreen e
(Mev) p=0° B =15° B =30° B= U5 B=60° 6= 75° 8= 80°
10 | 103 % 10 |17 % 10% |12 x 10k |17 x 10 | 246 x 10% |75 x 10 |7.08 % 10*
3.0 [7.1x103 |[7.32x103 |[8.2x103 1.0 x 10% 1o x 10 |2.7h x 1% [b.0T x 10%
10 3.9 x 103 |b.0h x 103|551 x 1203 [5.52 x 103 | 7.82 x 103 [1.51 x 1% |2.25 x 10
30 ook x 103 |23 x103  |2.58x 103 [3.26 x 103 | ka7 x 103 |8.62 x 203 |1.28 x 10
100 1.23 x 103 |1.27 x 103 [1.h2x 103 |1.7% x 103 | 2.46 x 103 |4.75 x 103 {7.08 x 103
300 8.18 x 1% |8.47 x 102 9.5 x 102 |1.26 x 103 | 1.6k x 103 [3.16 x 103 |k.T1 x 103
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Table IITI. Minimum Transit Times for Protons as a Function of Energy (= 0)

gig;agﬁﬁ Proton Energy (Mev)
| (av) 1 3 10 30 100 300
0.1 1.07x120° 6.2 x102 | 3.4 x 102 1.95 x 10° | 1.07 x 102 | 7.1 x 10*
0.4 4.3x10° 248 x10° | 1.36 x 103 | 7.8 x 102 4.28 x 103 | 2.84 x 102
0.7 8.0 x 103 4.63 x 103 | 2.55 x 103 |1.u6 4 103 8.0 x 103 5.33 x 10°
1.0 1.23 x 10 | 7.1 x 103 3.9 x 103 2.24 x 103 1.23 x 10° 8.18 x 102
% 1.5 2.9 x10% |1.20 x 10* | 6.6 x 103 3.8 x 103 2.09 x 103 1.39 x 105
j 2.0 3.16 x 10* | 1.82 x 10* | 1.0 x 10% 5.74 x 103 3.16 x 103 2.1 x 103
| 3.0 6.05x 0% [3.48x 10% | 1.92 x 1% [1.1 x 10* 6.05 x 103 | 4.0 x 103
k.o 9.95 x 10* 5.75 x 10 3.6 x 1oh 1.81 x 10* 9.9 x 103 6.6 x 103
5.0 1.5 x 10° 8.65 x 1oh k.75 x 10% 2.73 x 10h 1.5 x 10“ 9.95 x 103 |
]
Table IV. Transit Times (Seconds) for 1 Mev Proton as a Function of Pitch Angle
Fron o Piteh Angle
(av) B=0° = 15° = 30° B= 45° B = 60° g=175° B= 80°
0.1 [2.07 x10° [1.11 x 103 |1.24 % 103 1.52 x 103 [2.24 x 103 [4.13 x 103 | 6.15 x 103
ok |43 x108 |ubs x103 [k.97 x 103 |6.1 x 103 8.6 x 103 |1.66 x 10* |2.48 x 10*
0.7 [8.0x103 [8.27x103 |9.25 x 103 [1.13 x 10* |1.6 « 10*  |3.09 x 10* | 4.6 % 10
1.0 [1.23 x 10" |1.27 x 103|140 10+ L% x 10% [2.46 x 10* [4.75 x 10* 7.08 x 10%
1.5 |2.09 x 10 [2.16 x 10% |p.up o 10% 12.96 x 10% |4.18 x 10* |8.07 x 10 1.2 x 10°
2.0 [3.16 x 10" |3.07 x 104 3.66 x 10% 1447 x 1% |6.32 x 10% 1.8 x 10° 1.82 x 10°
3.0 6.05 x 10* 6.26 x 10* 7.00 x 10* 8.57 x 10* |1.21 x 10° 2.34 x 10° 3.48 x 10°
bo 19.95 x 10% |1.03x105 |35 4105 |1.41 x 105 |1.99 x 105 3.85 x 10° |5.75 x 10°
5.0 |1.5x10° 11.55 x 10° [1.73 x 105 2.13 x10° (3.0 x 205 |5.8 x 105 18.62 x 105
;
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