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RADIATION ZWTIRCHMINT IN Sracx

Introduction

In the last few years, data have been gathered which indicate that

one of the major environmental factors which must be considered for any

3

space vehicle is that of radiation., The radiation environment has been
found to be an important consideration not only for those vehicles which
carry a reactor on board for propulsion or power but for all vehicles
since they will be exposed to the indigenous radiations in space (i.e.
galactic cosmic rays, solar protons, geomagnetically trapped _adiation).

racdiation with the intensity of the leakage radiation being dependent
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spatial distributions remaining more or less constant and determined to

a la: degree by the geometry of the particular vehicle. Cn the other
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hand, the various components of the ind
vary greatly in spectral, angular, and spatial distributions as well as

n composition depending upon position and time.
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The purpose of this paper is to convey in simple terms the current

picture of the important components (for space vehicle design) of the

indigenous radiation fields in space, including galactic cosmic radia-
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tion, solar cosmic radiation (solar protons), and the ceomacneticall
b b = fe)

trapped radiation both frem nitural origin and from the July 1962 high

altitude nuclear detonation.
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constant which is inde-

pendent of Z (atomic number) and C is a constant. In the energy region
between 300 Mev and 3 Dev the various components seem to have similar
spectral forms when expressed i1 terws of magnetic rigidity while at
energies below 300 Mev the spectrzl form is questionable,




maximumn and cbout & cm  -sec at solar ninimum,
ray intensity has been shown to undergo moculations which may be cor-
related with solar activity. OCne such modulation is that connected with
1l-year solar cycle. The correlation, here, with solar activity is a
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negative one - that is, the cosmic
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creases which usually occur at times of high so

a 25% to 30% decrease in the already reducced intensity. 1In t:-h types

b

of modulations it is principally the lower energy particles which are
affected,

Since the primary cosmic particles apparently criginate for the
most part from sources cxternal to our soler system and are observed

to be isotropic it is obvious that they should be expected to present

essentially a constant environment for & space vehicle regardless of

view of radiation damage to or materials and perhaps only
limited concern as far as man is concerned at least for short missions.
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the energy Ilux at the vicinity of the earth over 297 steradians is
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~ 7 x 10 ergs-cr -sec  with the cenerpy density being ~ 0.6 ev/ienm™,
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these particles is not

&

large since their very high energies make them very difficult to shield

Solar Corsiic Radiation

encour:ar throughout the solar system is the solar cosmic radiation or

“solar protons." These names are used to describe the large fluxes of
energetic particles which are cbserved to reach the viecinity of the

lares which occur on

earth following a vorticn of golar f1

alactic cosmic radiation has been known and studied for
nany years the solar cosmic radiation was discovercd less than 20 Vears
ago and Las been studied in detail only for the last 7 years. Such stud-
round level neutron and radio zbsorpticn measurements

as well as measurements made on high-altitude balloons, satellites and

protons whose energies extend to as high as several Zev in some cases -
hence, the name “solar nrotons. In each event, however, particles

t. The relative number of

es greatly from avenc to event.
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neavier particles (mostly alpha particles) var
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of 29 solar proton events during
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occurrence and the relative magnitude

data given in

which may bte made from
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ne time interval between events
events being the result of several

active region on the sun. &s a matter

of fact, the events shown represcnt only 1§ active regions with 90 percent
of all the solar cosmic rays during the six veear period having originated

in only four of those regicns. .lso of interest is the fact that none

of the largest events occurred during the years of solar maximum (1957-58)

occurrences of active centers which
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time over which detailed
ne statistics are few,
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when one considers

either side of the maximum particularly on the

tively long pericd between the

TN A
aove

producad such large events,
. observations heve been
it cannot be said with any de-
events which are possible have been

to correlate size or frequency
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that detailed obser-

cvom ieference 1) shows the yearly integrated inten-
sities of solar vparticles above 100 Mev az well as 30 Mev compared with
the total yearly integrated intensitites of galactic particles. It is
obvious that the large events constitute the major part of the flux.
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event to event and with energy. The delay in particle

as tae rise time may vary from 2

3 high energy particles
in one event to many hours f£or lov energy particles in another. The

decay in intensity may be represented (Ref, 2) by an expression of the

form

(£) of particles having
reater than =, and Ly is the "decay time" which ig a function
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rticles in ons event to 2-3 days for

are functions of energy it is obvious that the energy spectrum
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e Indeed, the spectrum does vary,
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A spectral and intensity variation for a "typical! large sol.c
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re cvent has been proposed by Dr. D. K. Bziley (hef. 2). This hypo-

thetical solar proton even
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exdt at correlating con-

tinuous radio observations with direcct ballec. | satellite, and rocket
observations. A cross plot of Bailey's flux versus energy : cves




Figure 1, Trequency and Intensity of Solar Cosmic Radiation Events
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YEARLY INTEGRATED INTENSITIES OF SOLAR COSMIC RAYS WiTH EMERG!ES ABOVE
30 AND 100 MEY AND GIF CALACTIC COSPAIC RAYS
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Figure 3.

Spectral Characteristics of Bailey's '"Typical' Flare
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(i.e. solar cells). Unfortunately, insufficient data have been obtained
on the energy spectrum at low energies to allow an accurate determination

of the effects on such sensitive items external to the vehicle,

Geomagnetically Trapped Radiation

Tﬁe radiatiion in space.which appears to present by far the most
difficult problem from the radiation effects viewpoint and is of the

most immediate iconcern is that which is trapped in the magnetic field

of the earth, [Included are the protons and electrons which constitute
the natural Vaﬁ Allen belt along with the electrons injected as a re-

sult of the Juqy 1962 high-altitude nuclear detonation.

Natural Radiation Belt - The natural geomagnetically trapped radi-
ation was first detected by the instrumentation on the Explorer I.—'
Subsequently, it has been studied by the use of radiation detectors on
virtually all the succeeding satellites,

This radiation consists of charged particles (protons and electrons)
trapped along the lines of force in the earth's magnetic field. The
early picture (Ref., 6) of the trapped radiation was as shown in Figure 4,
where the contour lines represent the counting rates obtained with Geiger
counters flown in Explorer IV and Pioneers 1III and IV, The picture was
of two Eelts extending in doughnut fashion around the earth with the
inner belt being composed of both protons and electrons and the outer
belt predominantly of electrons, -

Over ‘the cqurse of time as a result of numerous space experiments,

the picture has [evolved into the one illustrated in Figure 5 (based op

(
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Figure 4. Early Picture of Natural Radiation Belts
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Reference 7)., Here, each of the components illustrated extends over

both hemispheres and must be rotated about the vertical axis to give

the three dimensional picture, The data on the right for protons greater

than 30 Mev and electrons greater than 1.6 Mev are seen to correspond

with the picture given in Figure 4, However, it is seen that when one

considers the data presented on the left for protons between 0.1 Mev and
5 Mev and for electrons greater than 40 Kev, it is né longer proper to
speak of two distinct belts having different particle compositions.
Indeed, it is apparent that the two belt concept came as a result of the
high threshold of the detectors used.

The charged particles which are trapped in the magnetic field sﬁiral
along the lines of force with one of the constants of the motion being
represented by

sin" @& . sin’e, - constant

H Ho

where 0 is the angle between the particle velocity and the line of force
and H is the field strength with the subscript, o, referring to the
equatorial plane. As the particle travels in a spiral about the magnetic
field line toward higher latitudes, it travels into a converging field
resulting in an increase in H and, hence, an increase in pitch angle, O,
When © reaches 90 degrees the particle is reflected, again spiraling
about the line of force until reaching the corresponding point in the
opposite hemisphere where it is again reflected. It is seen that the

smaller the pitch angle in the equatorial plane, the deeper into the

9 . | N he
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Figure 5. Present Picture of Natural wmmwmnwo.a Belts .

PROTONS

(cmi? sec”) Ep >30 MEV

4 +/@Nsw s

o

0.1< Ep< 5 MEV

E¢> 40 Kev ELECTRONS Ee> 1.6 MEV

" -1
(cm2-sec™)

NASA RV63 - 1373




il

PR S

NGRS N

atmosphere will be the point of reflection (mirror point). Consequently,
those particleg having small pitch angles will be abéorbed leaving the :
radiation at ail points peaked in the directions perpendicular to the
lines of force-with~the peaking more pronounced at high latitudes.,
Since the earth's magnetic field has a gradient 'across the lines
of force as well as along them, there exists a particle drift in longi-

tude. This drift, to the east for negatively charged particles and to

'the west for positively charged particles, is caused by the change in

the radius of curvature of the particle motion along a single rotation.
This being the case,”regardless of the point of injection, in time the
radiation sﬁreads around the earth,

In car;ying out' this motion, the particle will remain along lines
of force ex%ibiting field strengths corresponding to those along the
original like. Since the earth's magnetic field is not a true dipole,
the particlés will vary in altitude as they circle the earth and con-
sequently tﬁe altitude of the bottom of the radiation belt will be a
function ofilongftude. This variation which is often neglected when

determining the radiation to which a vehicle will be subjected is shown

in Figure 6 (taken from Reference 8)., Here the geographical latitude

and ldngitude for the geomagnetic equator are shown with the altitudes
of the belt bottom in the geomagnetic equatorial plane, It is seen that
a variation of as much as A~1000Km exists in the altitude of the belt
bottom from one longitude to another, This could result in a signifi-

cant error if not considered. As a result of the expansion of the

10. .

/
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atmosphere from increased heating during solar maximum, the height of
the belt bottom also varies with time,
The only practical way which has been developed (Ref. 9) for con-

sidering the %ariations in the earth's field is to represent both the
spatial distr&bution of the radiation and the vehicle trajectory in éhe
"natural" geoTagnetic coordinates, B and L, where B is the magnetic

field strengtﬁ and L designates the magnetic shell on which the particle.
travels as itédrifts in longitude, Numerically, L is equal to the dis-
tance from th% earth's center (in earth radii) to the shell if the field
were an idealédipole.

The two gelt concept does persist with a different distinction be-
tween the belts than in the original case. fhe distinctive chargcteristic
of the inner belt is its stability with time whereas the outer belt under-
goes orders.of magnitude changes in intensity within times of the order
of days or even hours. An L value of about 2 seems to form the dividing
point between the belts,

The energies of the trapped protons extend to hundreds of Mev,
Measurements have been made of the spectra of the penetrating protons
in the inner zone. Freden and White (Ref, 10) found the proton spectrum

between 75 Mev and 700 Mev at altitudes of ~~1000 to 1200 Kmand L = 1,4

to be of the form

TR
N(E,) dE a KEp dE
where K is a constant and Ep the proton energy. This expression has

11, .




|

received wide usage. At lower energies (<100 Mev), the spectrum has

|
been found by Nhugle and Kniffen (Ref, 11) to become systematically
| .

softer with iﬂc&easing L. Mcllwain and Pizzella (Ref. 12) have since

analyzed Explorer IV data to obtain an expression for this variation

which fits other measurements reasonably out to L #28. The expression

.

. _Ep
| N (EP)JE = (constant) € /E° =13
with
-(5.2+0.2)
E, =(306*28) L ( Mev

The shape of the Freden and White spectrum is compared in Figure 74
with the integrated spectrum from the Bailey "typical" flare. It is
noted that the trapped protons exhibit a muchbharder spectrum than those
resulting from solar flares, thus, presenting a much more formidable prob-
lem where shielding is required.

Very little is known about the energy spectrum of electrons in the
region of the inner belt (L <2), Several measurements have been made at
low altitudes but the agreement is not good. This situation is not ex-
pected to improv‘ soon since the natural radiation is now masked by the
presence of the artificial electron belt which will be discussed in the
next section.

A goodly number of measurements have been.made of the speetrum of
the outer belt electrons., However, it is impossible to speak of any one
spectral shape as the spectrum because of the larée temporal variations

12,
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Figure 7.

Spectral Shapes of Solar and Trapped Protons
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which are encountered, One spectral shape obtained by O!Brien et al
(Ref, 13) is compared in the next section (Fig. 10) with that of the
artificial belt of electrons,

The naturally occ;rring trapped electrons are, for the most part,
low enoﬁgh in energy so that they are readily stopped with only the re-
sulting bremsstrahlung radiation presenting a radiation hazard internal
to the vehicle, The protons, however, exhibit a relatively flat spec~
trum and can present a problem internal as well as external to a space
vehicle., As is the case for solar protons, the low energy spectrum is
not well enougﬁ known to allow an accurate prediction of the effects on

4

sensitive éompénents such as solar cells external to a vehicle,

Artificial Radiation Belt - On July 9, 1962 a nuclear device was

detonated at h{gh altitude over Johnson Island in the Pacific. This
explosion (codé named Starfish) produced a belt of electrons which,
trapped in theisame manner as the particles in the natural belt, en-
circled the earth,

The spatigl distribution of these particles at a time about one
week after the explosion was according to Hess (Ref. 15) as shown in
Figure 8, Here the contours of the artificial belt are shown along with
those fof the high energy naturally occurring protons for comparison.

The peak fiﬁxes are seen to be higher than those for the natural electron
belts (See Fig. 5).. B

It is noted from Figure 8 that the high intensity regions of the

artificial belt extended to considerably lower altitudes than do those

13. .



Figure 8, Flux Contours for High Ener
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of the natural belts, resulting in a hazard to vehicles which were de-

signed to fly in orbits which were free of significant radiation problems.,

This hazard is illu§trated in Figure 9 which shows the flux contours at
ax sltitude of 400 Km (Xef. I5). Here we see substantial fluxes of
particles at an altitude which previous to the Starfish explosion was
essentially free of significant radiation hazards. The high fluxes at
this altitude are a result of the South Atlantic anomaly in the earth's
magnetic field. .

The spectrum of the electrons generated by the bomb should be essen-

tially that of electrons from the fission of U235. This spectrum has

been determined (Ref, 16) to be given by
-0.57SE-0.055£*

N(E)dE = 3.88 ¢
for E between 1 and 7 Mev, Figure 10 is a comparison of this spectrum
with that measured in the outer natural electron belt by O'Brien et al
(Ref. 13). The relative intensities in the plot have no)meaning. It
is seen that the electrons in the artificial belt are, on the whole,
much more energetic ranging to as high as 6 or 7 Mev‘and, hence, more
penetrating.

- The results of calculations, by the author, of the dose due to
penetrating electrons and bremsstrahlung behind aluminum shields for
an incident fission électron spectrum normalized to one electron/cm2
incident are shown in Figure 11. It is seen that the penetrating elec-

trons constitute the major portion of the dose for shield thicknesses

14, .

R



.

Figure 9, Flux Map for Artificial Electron Belt at 400 Km Altitude m
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Figure 10.| Spectral Shapes of Natural and Artificial Electrons
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~ Figure 11. Shielding Effectiveness of Aluminum for Fissions Electron Spectrum
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o
less than 3 llﬁ gm/cm  with the major radiation hazard being from brem-
sstrahlung for%greater thicknesses., It is also seen that most of the
bremsstrahlung%is produced in the first } gm/cmz_Roughly 10 gm/cm2 of
lead are requi{ed to reduce the bremsstrahlung dose by a factor of e,

Estimatesiof the fluxes of electrons and protons to be encountered
by vehicles traversing circular orbits at 30O inclination as a function
of altitude were made (Ref. 17) using a B, L coordinate code and inte-
grating over the trajectory. These data based on the intensities one
week after Starfish are shown in Figure 12, Using these data along’
with those shown in Figure 11, one finds that significant integrated
levels can be obtained internal as well as external to a vehicle over a
long duration mission such as might be the case for a space station.

The artificial belt has, of course, hecreased in intensity since the
data shown in Figure 12 were obtained.

The above discussion has been based on the artificial belt intensit
one week after Starfish. The same picture, of course, does not prevail
today and today's picture will not prevail in subsequent yeafs. A con-
siderable amount| of decay has taken place in some regions of the belt

and not so much in others. Indications are that the belt might be in-

significant by the time the next solar maximum is reached.

Vehicle Mission Environment

The precedipg sections have discussed the environment external to
the space vehicle. The radiation environment internal to the vehicle is

also of interest,

15.
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The internal radiation environment depends upon both the penetrating
capability of the radiation and the vehicle mission. Most future missions
may be categorized, in a broad sense, into groups based on the nature of
the radiation environment which will be encountered. In this section
several ‘such categories are considered, in a quite general manner, to
establish the relative magnitude of the radiation levels from the various
sources as a function of shielding thickness. The curves which are pre-
sented should bé considered only as approximations to the levels and
should not be taken as definitive, The artificial electron belt is not

included,

Interplanetary Missions - The radiation environment for inter-

planetary missions will depend to a large extent upon the manner .in which
the missions are carried out. Consequently, these types of missions are
divided into two categories‘for consideration of the radiation problem.
The first category involves those missions which are characterized by
high thrust, rapid traversal of the Van Allen radiation belt, The second
category, on the other hand, is representative of missions accomplished
with low thrust vehicles, such as those utilizing electric propulsion,
which spiral slowly through the region of trapped radiation. Curves of
radiation intensity as a function of shield thickness for each component
are shown for these categories in Figure 13. The intensities are given
in rads at the surface of a low Z material.

It is seen that the radiation proBlems encountered in these two

categories differ, In the high thrust case, the problém is primarily

16' <




Figure 13, Radiation Environment for Interplanetary Missions
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~ that resulting from solar protons while in the case of the low thrust

trajectory the trapped radiation presents the major problem., The dif-
ference, of course, arises not through any difference in the solar
proton or galacti; cosmic ray environments but from the difference in
exposure time in the Van Allen belt,

Another soufce of r&diation which may be a factor in interplanetary
missions but has not been included in the above considerations is the
existence of radiation belts surrounding other planets,

Orbital Missions - The nature of the radiation problem for orbital

missions in the region occupied by the natural trapped radiation belt is
indicated in Figure 14, Here, the missions may be divided into two
general categories (1) those utilizing equatorial orbits and (2) those
calling for polar orbits., The curves in Figure 14 are based on a one
year period. Contracting or expanding this period would only change the
absolute magnitude of the components., The shaded areasindicated for the
Van Allen belt radiation are representative of the variation of intensity
over altitudes from ~900 to ~-7500 Km.

The Van Allen belt is seen to present the major problem for these
missions. The chief difference in the radiation environment for the
polar orbit as opposed to the equatorial orbit is the disappearance of
the solar proton radiation in the latter case., This, of course, is due
to the shielding afforded by the earth's magnetic field, as-is the vari-
ation notcd for the galactic cosmic radiation,

Naturally, all orbital operations need not be in the regions between

A, 900 and ~-7500 Km, For orbits at higher altitudes the shielding

17.
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Figure 14, Radiation Environment for Vehicles Orbiting in Van Allen Belt
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problem slowly approaches the case illustrated in Figure 13(a) while

those at lower altitudes approach those shown in Figures 14(a) and 14(b)

with the Van |Allen component removed.

" ‘Conclusions i //é},,.,m¢}2f7_

It is obvious that regardless of its mission any spacecraft will be
subjected to a ra@iation environment, Since the geomagnetically trapped
radiation is conféned to a relatively small region of épace which can be
rapidly traversedzby high-thrust vehicles, it presents the principal
radiation problem only for vehicles orbiting in that region 6r for low-
thrust vehicles spiralling out through the region. However, the radiation
environment presented to such vehicles is the most severe that will be
encountered as a result of. the indigenous radiation. ’

The solar cosmic radiation which is the dominating radiation environ-
ment for deep space vehicles which traverse the trapped radiation belts
rapidly is still not completely defined or understood. The short period
of time over which these events have been observed does not allow complete
confidence in statistical treatment of the problem which mu;t be used or
in the maximum possible size of future events. The definition of this
environment as well as that of the geomagnetically trapped radiation
will‘doubtlessly undergo several more perturbations before‘final under-
standing is achieved,

The galactic cosmic radiation is the most well defined‘of the

natural radiation components but, as would be the case, presents little

or no problem from the radiation effects point of view.

18,




. The artificial electron belt which resulted from the July 1962
high-altitude nuclear detonation has from the time of formation until
now presented a severe ?adiation environment in an area which previously
was practically free of all radiation. Decay of the belt, however, is
taking place continually so that its presence will become less and less
important.

In general, itlcan be said that the major radiation effects problems
from the indigenous radiations in space will be with items on or ﬂear the
surface of vehicles., Unfortunately, insufficient data have been gathered
on the low energy spectra of the various components to make an accurate

assessment of such problems possible at this time,
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