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- Introduction ff 653 July 65

Orly a few years ago it was commonly.thought that
the atmosphere of the earth extended up a hundred mi}es or
so and from there to the sun was essentially empty. .This
picture of the earth's environment has been drastically
revised in the satellite era. We know the earth's atmosphere
and magnetic field extends out about 10 earth radii towards
the sun (and further in the direction away from the sun).
Also we knowvthat outside this sphere of influence the sun
rules. The sua's atmosphere, the corona, extends all the‘,
way to this boundary at 10 earth radii and may evenibenetrate
inside the,boundaryw The sun controls the location of this

boundary which varies some with time. Energetic particles

- from the sun fairly frequently*reach the earth. In fact, as

- envxronment. ' '”55

night be expected, the sun cogmrols in a significant fashion

essentially all the components of‘tha earth's radiation

,»

In considering the radlatlon envxronment cf'qge ea*th

we want 'to study not only particles found close to. th% earth

- but also the eavironment that satellites and space probes

' have encountered or may. encounter in the future. This environ-
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TABLE II L,
Approximate Threshold Doses for . Er
Radiation Damaée

photographic £ilm :_ ; .+l = 200 R
man ' ' ~ S00 R

solar cells :Nf . 200 -~ 40000 R (of 30 Mev protons)

"fv, ' '6ptical glass ‘:' .. 1000 - 108

teflon -~ - 3x10 -107

transmstors 2'x 10 -2 x 108 R (of 30 lev protons)

‘organic seals and adhesives 73.10, - 109
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- 5,. auroral particles
| 6. 'shock wave particles
7. artificial radiation belts
8.,}p1anetery radiation belts.,
VWe will consider briefly some of_the engineering"

problems associated with the particle radiations,

. Galactic Cosmic Rays

Going upwards from the earth the first component of the
radiation‘environment'we eancounter is‘cosmic rays, We find
some cosmic rays at sea level but they are. quite. different

in nature from cosmic rays in space. . The lncident cosmic rays,

mostly protons, strike the earth's atmosphere and in nucleer vf B

.‘00111510ns with oxygen or pitrogen produce othen partlcles

1nclud1ng‘"r mesons. . At sea level most Ou»thﬁ nartlcleo we

X

see are )k mesons made by the decay of the'?’ mesons. In
Space ‘there are about 2 pro»ons/cm2~sec plus & small '
percentage of He and heavier nuclei, These,protens{are
typically of several Bev energy.. | ’ B |
It wab recognlzed in‘ﬂn that cosmic rays come from

outsxde the earth because the 1nten51ty increased goxwg up
i

: _in altltuae. 'We know now they come from: outside the solar

system but we don't know what the source of the partlcles is.

They may be accelereted by repeated bounclng off turbulent

magnetic field clouds 1n space or they may Dbe borne in




These. particles are not produced by the sun dbut they are
controlled somewhat by the sun. The solar wind affects the

. ability of cosmic ray protuns to enter the solar systen.

The Solar Wind

in 950 as a result of studying comet tails, Biermann
suggested that there must be an outflow of protons from the
sun to interact With the comet to produce some of the long
straight tails found in comets. Then in 195?‘Parker showed
that the corona of the sun must be unstable. To assume the
corona was stable led to the ridiculous conclusion that it must
have a finite pressure at infinity. Therefore the corona
must be continuously expending and blowing outwards.} So
before the advent of satellites there was considerable support
for the 1dea that the sun blows a supersonic wind outwards at
.'thovearth. This soler wind has now‘been observed directly on
sevé*al satellites, Explorer X, XIV, Mariner, and INP. Iis
average oharacterlstics are quite well known, ’Where nsuéily_

8

is a flux pf gbout 10 protong/cm -S8c of energies about

1 kev. This corresponds to a density of roughlv one proton/cmB.
1There must be, of cgurse, an equal number of electrons in thn
_«ho_f‘ ~solar wind 50 that 4% is electrically neutral, but the
electrons are of low enough energy so that have not been
observed yet. ' A |
| . This. polax wxnd is composed of low enough energy oartxcles
S0 . that it is not of speciel interest, gs a radxation problem

in 1tself (a 1 kev proton will be stopp?d by & S.dd‘ F Iy

fRper




but it controls several other elements of the environment.
For example, the solar wind pushes the sun's magnetic field
around., The solar wind is & good electrica; conductor which
does not let the magnetic field mingle with it, Therefore
as the wind flows outwards it carries the'magnetiélfield with
it. Because the sun rotates, the magnetic field linés trace
out a spiral pattern as in Fig. . The magneticvfield
measured well outside the megnstosphere of the earth is about
00005 gauss--which is about what one should expect fér the
sun's field ap,the;earth. &lso, the direction of the |
magnetic field is about what is expected. A% the earth the
fiéld lines appear to come from about 45°-to the righf of the
sun. | | -

 The solar wind plus solar magnetic field affects the
.galadtic cosmie rays arriving at the earth'from outside the
solar system.: The sun shows an ll-year vériatiég in,activity;
The 5umbervof sur spots goes up and down in 1l years as do
several other meaSﬁres of sclar activity. The galactic
cgsmi¢ rays show a siniler cycliq,eﬁfec%, :At the tiﬁefof
maxipum solar activity the cosmic ray flux iS'lowcst, “The
proton flux varies from about 4.cm2;se¢ at solar mininum to
1.5 at solar maximum{"lt appears that the cosmic rays
entering the solar sysﬁem from outside have to swin upstream

against -the solar wind. Disturbances in the solar magnetic

“incomingécdsmigt:ays;and;hinder their entry into the solar

field moving outward with the solar wind velocity scatter the B
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system. Therefore the increased solar activity at solar
maximun makes a lower cosmic ray flux. By this process the
ll-year cycle in solar activity shows up as am ll-year cycle

in the cosmic ray flux of opposite phase,




Solar Froton Events

It has been kxnown since 1942 that the sun can occasionally
produce high energy particles whichuarrive at the surface of the
earth, These solar proton events always occur in coanection
with large solar flares which are large disturbances on the
sun which can be observed optically. There are relatively few
solar proton events which preduce éartigles energetic enough
to reach the surface of the earth. This requires protons of
roughly 1 RBev or more. Only about one-half dozen solar events
ha#g been seen at the surface of the earth in the last 20 years.
: But, since the coming of satellites, we knbw that solar proton
events are much more frequent than this. Usually>the-particles
produced at the sun do not have enough energy to ﬁenetrate the
earth's atmosphere ﬁo fthe surface of the earth. ‘

In the périod 1856-61 gbout SO sqlar.proton eveﬁts were
recorded and studied. The perticles have been detectéd‘directly
by equipment carried on balloons, at high latitudes by
detectors cn satellites, and by the effect of the protoh beans
on the polar atmosphére. It is now well established ihat when
these proton beams impinge on the upper atmosphere they
ionize the oxyzen and pitrogen present and produce a more dense
iqnospheﬁe, This effect increases the ebsorption of the radio
noise arriving at the earth from outside. Instruments called
riometers which measure radio acise coming to the earth from
- space show considerable decrecases in the noise observed at
the ﬁime of solar proton events. This pfocess is well enough

. studied now,so,thgtfit‘can_bevused as an ingirect method of



measuring fluxes of particles in the earth from the sun.
Frequently at early stages in a solar proton event the protons
apﬁear to arrive from a preferred diréction not from the sun
vut from about 45° we;f of the sun. This indicétes that they

_ have been éuided'to fhe earth from the sun aloag the sﬁiralling
magnetic field of the sun, After this - initial- stage the
particles arrive unlformly from all dlrections.Y~”

In the last seven years about 30 large'solar events uere
observed in which a flux of more than lO6 protons/cm2 of
enérgy greater than 30 Mev arrived at the earth. From loocking
at the characterist;cs.of these events we have a fairly gdod
‘idea of the averége.properties of solar proton outbursts.

The protons get to‘thg earth mére easily and more rapidly if
the flare which produced them occurred on the right side of
" the sun.  This>is'quite clearly due o the fact that they can
move along thé solar magnetic field lines from near the point
of origin and arrive directly ab the earth. For a flare on
the left side of the sugngpemp:{t'c;es wust diffuse across the
solar magnetic fie;d in order to eventually reach the earth.

This is harder., We have no basic understanding or the

processes going on at the sun which make these high energy

SIS » partlcles- There 19 no question but what the protons are

’ﬁ accelerated in the region of solar flares, It has been sug-

gested th&t at magnetic neutral points, places where the sun's
magnet*c fleld becomeg zero between OpDOSltely dlrected

;magnetlc fleld reglons tbere nay occur certaln tyoes of
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electrical discharges where energy from the magnetic field
can be pumped into the particles. Flares frequently take

v - place rpear magnetlic null points and changes in magnetic field
strength before and after flares‘have been observed in agreeme nt
with this idea.

In a typical solar proton event the proton ener;;és can
go up to a few hundred‘Mev. These eneréies aﬁe low enough so
that the perticles cannot penetrate the éarth'g magnetic field
to arrive at the equator. They are restrained to ehter the
earth only at high latitudes. The 3iometer records show this
effect during what are called polar cap events during which
the absorption of cosmic radio noisé increaées significantly
but only in the region of the poler caps. .This is‘the region
where thefprotons can penetrate the atmosphere and fncreasé
the ionospheric opacity. 4 flare proton event typicaily
starts at the earth an hour or so after a’large flare and may
last for severél days; |

What are'the radiaﬁion'hazards in space from solar proton

: evahts? liebber has studied ard summarized what is known about
e the 1argest events of the last colar cycle and finds thet
. there have}been several occasions where in the sbsence of any
significant shielding inﬁegrated particle doses of more than

lOO‘rad’would have been encountered. The 'table below gives a

e,

"\\\\\Eummary of radiation doses fror VWebber's work., Five or ten
' /////%rams/cma of shielding is adequate to reduce the doses from

even the large events to levels that are not dangerous and




these large events are quite raré. lIn the last solar cycle
there were meybe six or eight events ;arge enough to worry
about in connection with manned flight.' For short manned

- pissions of a few days or weeks such as lunar landings there
is some chance that we may be able to predict the occurrence
of sclar flares asccurately enough to aid materially in
avoiding solar proton events, Soiar proton events normally
occﬁr in coannection with flares that take place in iarge snd
magnetic complicated sunspot groups. If the groups have
persisted for one solar rotation of 27 days or more, they aie
" more likely ﬁo produce large flares. Sunspot groups that
have made large flares are liable to repeat. Webber feelsy
that using a prediction process, based on these ideas, lunar
missiéhs?Should be possible 50 percent of the time at sunspot
maximum with only about 1 percent probability of encountering'
a large sblar'flare-during a two week péfiod. Oge would avoid
flying when large sunspois with several reglong of different
magnetic polamity were on the sun, especially if they had
beeﬁ seen the month before goinz across the face, .and
especially if they had already wade large‘flares. This shows:
that solar proton events should not consitute a limiting
factor in short manned missions in sﬁace. Thé problem is, of
course, considerably more severe for long duration flights
that might_occun in the future. For.example; during‘a one

- year mission to lMars one would expect to encounter one or more

significant solar proton events aear solar maximum and would

havé to shield for that appropriately. Kear~solar~minimum few

proton events occur.

!
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Radiation Belts

énen Van aAllen discovered the trapped particle radiation
belt on the first U.é. satellite Explorer I, it was a surprise
but it did not take long to get a general understanding of the
phenomeﬁa. The fact that & magnetic field could trap charged
particles was at that time being exploiéed in the U.S. labvoratories
and ebroad in an attempt to make controlled thermonuclear
reactions to generate power by burning hydrogen. This process
is like a controlled H bomb. Christofolis had suggested that
the earth's magnefic field could act as & magnetic bottle also
and thaﬁ & nuclear explosion could inject particles into the
field. This idea lead to the Argus explosions in 1958, The
planning for Argus was well ﬁnderway before Van Allen's
discovery of the natural belt so a general comprehension of
the natural radiation belt was immediately obtained,

- But progressing from. e general understanding of trapped
radiation to actually undérstanding in detail how the\earth's
rediation belt works where the particles cone from and where
they go‘to has taken five years and is by no means finished,
First; what do we know about the population of trapped electrons

and protons? Fig., shows the distribution in space of four

*typés of particles--high and low snergy electrons and high

and low erergy protons. These particular populations are
shown because they have been measured well experimentally.
The protons of E > 30 Mev in Fig. were the first

particles well studied experimentally and the first particles



whose origin we understcod. By sthdying nuclear emulsions
recovered from Atlas rockets the particles were identified.
Galactic cosmic rayé are the grandpzrenis of these inner belt
,prétons. The ga;acbic cosmic reys entering the atmosphere

(as in PFig, ) produce neutrqns by coiliding with nucleii

of 6xygen or pnitrogen. Scme of %he neutrons diffuse out of the
top of the atmosphere and.move away from the earth. The |
- neubron is radioactive and decays with a lifetime oif!bout
1000 seconds., giving birth to the protons which are tfapped.
~When we test this theory that neutroné are the parents of the
proton in a quantitative way by putting in numbers for the
neutron flux and rate of loss of protons by interactions with
the atmosphere at several thousand kilometers we find verj
.good agreerment with the experiments on how many protons of
what ezergies are present. This model of—the trapped protons
has beén called the "leaky bucket" by Van Allen., e put
particles in the .bugket (bhe radiation belt) from meutron
decay and particles are ibst cut the holes in ke bottom of
the‘bucket by interacting with the atmosphere, The water
level in the buskeﬁ will adjy8t itself unbil the inflow and

outflow are equal, In this way an eguilibrium flux of
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trapped particles is built up. Using the-leaky 5uckét
nodel we iind‘some of the protons at a few thousand kilometers
altitude live 100 years or LOTe W

The sun also exercises some conbtrol over this population
of particles; Ultra&iolet rays fronm the sun heat thé upper
atwosphere much more at solar maximunm than at solar minimum.
We know the atmospkeric density is nearly x 100 larger at
abous S00 km at soler meximum than at solar minimunm byi
studying the drag on Satelliteé. The.increasedﬁhnsity causes
the trapped protons to be lost faster. S0 the protbn f
population at low altitudes oscillates up and down with the

gsolar cycle having a meximum flux near solar minimum. This

effect is of interest in consideriag the radiation problem -

for low altitude manpned flight like Gemini.
Thnere seens little doubt but thet we understand this one
population of trapped particles well. We are not in as good

shape when it comes %o bthe other populations of Fig. .

T

Hecently sowme progress has been made towards understanding

the low energy outer belt protons in Pig. « ¥hepn we inspect
the energies of these protons we Lind theix ensrgles are
systematically higher closer Vo the earth. This is very

suggestive that the particles have been zmoved radially iato

the magnebic field from the outside and have gained energy as

they moved into the increasing magnebic field nmuch asg particles

do in a betatron accelerator.. What process can move the

particles inwards? Usually&the,trapped'partigles bqunce'backr

/2




and forth along field lines and slowly drift around the earth
but return to the same starting point after one revolution
around the earth. In this normal motion there is no tendency
to move in or out. AL least one process can disturb this
orderly motion. When the intensity of the solar wind
increases, the magnetic field of the earth is pushed inwards
and the effect can be measured by magnetometérs at the surface
of the earth. If this compression of the field occurs fast
enough it disturbs the particles and causes some of then to.
move to new orbits. A repeated "pumping" of the field by a
changing wind will diffuse the protons both in and out.  Some
will escape out the edge of the earth's magnetic field but -
some willrmove inwards and be energized as they go. To gesd
the protbﬁs“of the energies observed in Fig. we need %o
start outside the earth's magnetic field with protons of

1-10 Xev, If this ides is right, and it hasn't been fully
tested yet, the sun is the origin of the protoss which have
come to the earth in the solar wind. The sun also provides
‘the motive force to pump the particles inward.

We know coasiderébly less about the electrons in the

radiation belt than the protons. When magnstic storms occur
on earth ééused by disturbances on the sun the electrons in the
outer radiation belt are disturbed considerably. The protons
are not strongly affected. At the time of a large magnetilc
storm caused by an increased strength solar wind the low

energy electrons, Fig. , might inerease in population by a



factor of 10, and the high enerzy electrons, Fig, might
almost completely disappear. After a few days the storm would
ve over and the fluxes would return towards pre-storm values.
We have no good ideas about this variation of the electron
flux. Are lots of new low energy electfons injected into the
field at the time 6f the storn? Are the high energy electrons
lost and then new ones injected afterwards or are they only
temporarily slowed down, and fhen after the storm return o
their original energy? Whatever happens to the elecirons,

the sun is certainly respoa "‘%1e for it.

We do know some%hinﬁ about the lifetimes of the elecirons
in the natural radiation belt as a result of studying the
artificia1 radiation belts. In the inner zone the electroﬁs
heve llfetlwes of @ year or more; and because of this long

lifetine, neutron decay may su ply most of the observed

B

electrons.  But in the outer belt at about 10,000 miles
altitude, the slectrpn lifetine is only about one weesk. The
only available source that has enough energy to make the

electrons here seems to be the solar wind. Ve don't know

[

'.whethe“ electrons are diffused into the belis as we.sﬁspect
.tbe protons are, or if some electrons already in the region
of the bvelt are acce1ergted perhaps by some kind of wvaves
in the nmagnetic field.

There is another interesting feature of the outer beltd

electrons. - Fregquently large fluxes of electrons are lost
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. aurora.

-directly into the atmosphere. But we are guite sure these

‘precipitatpdlelectrons aren't produced from the already

trapped electrons because the trapped fluxes increase at
these times. Apparently some particle source is causing

electrons to flow through:the radiation belt with most of the

"electrOns being lost into.the’atmopshere, but scme elebtrons
,lget_trapped in the'bplt.”‘rhis idea of the outer belt has
A_been‘called the "splash catcher" by O'Brien to contrast it

* with the “leaky bucket." The ’thou“ght is tbat the bucket
l'(thé'faéiation belt) catches only'g émalllfraction ofAtheA

. eléctrons from the SOurcejmosglof'whléh.hits.the‘earth.

The northern lights, or aurbrae, are caused by energetlc

| particles,mostly electrons, being precipitated into the
.atmOSphe¥e from above. Rockets have'béen shot through auroral
;displays to stﬁdy these particles. It seems likely that these
',véuroral.élecﬁrons are related to the electrons observed to be
rprecipltated in the region of the outer radiation belt. In
:1fact the Indun III satellite found electron precipitation
rwloccurred all the time in the auroral zone. It probably just

"takes a more 1ntense than usual precipitation to male a2 visual
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We are relatively sure we have not found all the
particles which make up the radiation'belt yet. One unmeasured
group aré the'magnetio storm particles. VWhen a magnetic storm
occurs on earth, first the magnetlc field increases due to
 the compression by the stronger‘qolar wind (see Flg. ), then
some hours later the field decreases to less than pre-storm
” ‘value$. This"deérease is commonly thought to be due to lots

- of new trapped particles in the fie;d which stretch the

- field out andrdeéreése'the field at the surface of the earth.

If these are protons of B r~rl ﬁev as we suapect they would
not have been found yet. “one of the lnstruments flown on

‘  satellltes so far have been designed to study these particles.

i

‘ They would have as a group more

N o

‘"\

I; energy than all the rest of the trapped radlatlon, but ',,_

: 1nd1v1dually they must have relatzveLy low energy.



Artificial Radiation Belts

Christofilos' idea that a nuclear explosién at‘high o
altitude'should produce an artificial radiation belt was
tested in 1958 in the three Argus;exploéions, and worked.

- Rather small radiation belts were prodﬁced that decayed in a-
few weeks. Since.then, four more értificialibelts have been
made all in 1962-=one by the U.S. and three by the USSR. The
| ﬁs.exélosion‘Starfish of 1.4 megatonsgat 400 km in-thé}Pac'fic‘
l ‘ﬁadé a large:értificial radiation‘belt'extending out-tb 5.
| earth radii or more. The belt was populated mainly from thel
- decay of the fission fragments made by the exp1051on. -These
'ﬁ;nuclem left after f1351on1ng uranium are radloactive and each
‘ emits about six electrons bexore becomlng stable. These |
‘electrons thh average energles of about 1 Mev and extendlng -
~11n energy up to 6 Mev or more were made with fluxes of up to
"log»elec/cm?-sec. These fluxes were large enough so’that |
 they‘overwhelmed the natural telt electron flux. Because of
o this‘the lifetimes of trapped particles could be determined -
. directly by watching the decay of the Starfish electrouns.
“Up to several thousand kilometers altitude the decay was slow
_.'and was clearly caused by coulomb scattering of the electron
fby.the thin atmosphere. But above a few thousand kilometers
'.the pi¢ture isnvery‘different,' The decay becomes muc” more

| ;rapid and muét_be‘cuased by something other than the atmosphere.

S~
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- It has been suggested that cerﬁain‘types of electromagnetic

waves, called whistlers, cause the particles to scatter. The

', electrons lifetime due to scatitering by these waves should

- be short--measured in days--in sgreement with the observations.

At about 10,000 km altitude the Starfish electrons decayed
- away completely to the natural belt background in just two
jor three months. For similar high altitudes, the artificial
belts from the threeiSoviet'explosions decayed in Iiketfimes;
This shows Qhe rapid high eltitude decay is a normal state o
of affairs. | | | R
liThe measurements_oo artificial belts show there,are‘; v
two regions of the natural electron belt--an inner zohe up to
a few thousand kilometers where the electrons have 1ons

lifetines and an outer zone of short 1ifetimes.



Other Belts Other Places

/." It is intriquing that we already know that at least

- one more radiation belt exists in our solar system besides

" ours and we can be suspicious about other possibilities.

Jupiter quite definitely has a 6onsiderable radiation belt.

We know this because of strong radio signals received'from o

Jupiter. Some of these signals are interpreted as being
. synchrotron radiation from the natural radiatidn beltlof
 the earth. 3In the decimeter wave length'range the siénals

.. from Jupiter are plane polarized and the source area is

considerably larger than the disc of the planet. The - .

- radlation comes from about three times the width of the
"'planet along the equator, Thls extended source is strongly
’suggesﬁive of a radiation delt, There is no other reasonable .

:'explanation of the Jupiter decimeter radiation than from

synchrotron‘radigtion from trapped electrons. This can
explain reasonably the polarization, spatial extent, and
steadiness in time of the decimeter radiation. Jupiﬁer also
exits in the decameter range an’intermittent and not ét all

understdod circularly polarized signal but'this is not connected

‘'with synchrotron radiation. If the Juoiter surface mag“etic .

- field is about 10 gauss, as some ideas based on the decameter

radiation say,.then there must be about, 108»electron,/cm2-sec

of about E ~10 Mev in order to generate the observed synchrotron

ﬁfradiaCLon. This is a considerably more intense electron belt

than the earth has.

".n‘ e -
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 One other space measurement has given a negativelresult.
The satellite Mariner went close to Venus end did not observe
a planetary meguetxc field or trapped particles. This does
not preclude there being a. radzation belt there. It only
puts a limit on the size of the belt. . The satellite paeaed
about 40,000 km from the suany side of the planet. The fact
| that it stayed outside tbe: Venus masnetopause puts a limxt on
- the Veaus surface magnetic field about 1/10 of the earth's
surfaee field. Some theories about the generation of planetary
'magdetic fields fequiie rotation of the planet to mske the
‘field. Jupiter bdtates in 10 hours and apparenxly has a large
field. Venus rotatee very alowly and has a weak field. Beeed
on the necessity of rapid rotation and reasonable size to-

- generate a planetary field (and therefore to have a radiation

. belt) we might expect radiation belts on' Saturn, lars,

and Jupiter--none on ﬂercury'and the Moon. There is some
slight evidence of radio noise from Saturn that might indicatefﬁf
a radiation belt, but nothing like'Jupiter's. All*ether | T
evidence about 5elts is negative. fNo other‘planets‘show
lnteresting radio emission. Tunik 1T showed the moon's3
magnetic field pust be very weak, which indicates ne crapped
| particles.

Even though these'bodies bave szall magnetic fields
they may have shock waves like the earth haslupstream of the. .
magnetosphere. The planetary surface would take the place

 of the magnetopause and the sbock wave would stand off in

$,.'
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front of this. If so, then wse wouid expect transition zones
with energetic particles in them as the earth has between -
the bow shock and the magnetopause. This means that even
with no radiation belt the planetary surface mightghave a

significant rediation environment. If there is an electron

. flux of 1ol° <>xn"2 sec of E = 10 Kev at the surface of the .
moon the astronaut would want to be careful about f£ilm in
 his cemera. e | “
“ :L” -
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The Magnetopause and Bow Shock

- In the beginning we mentioned that the sun controlled

the environment ouside of about 10 earth radii from the earth. - .
The solar wind pushes the earth's magnetic field in until the -
pressure of the deformed magnetic field balances the’pressure i
due to the wind. This stand-off occurs at about 10 earth
radii towards the sun and about 15 earth radil at right angles
:v1‘to‘the sun. In this way the earth's magnetic field is limited

" to be insidefa cavity, called the magnetosphere, as shown iﬁ
Fige .« VWe don't know much about the back end of the

magnetosphere either experimentally or the&retically 80 the.
 :picture has béen<hopped off appropriately. : The sharp boundary,"
the magnetopause, between the solar medium and the terrestrial

, :field of 100:km thickness or less bas been directly observed :

  fby satellite measurements of magnetic fields and trapped

' particles on Explorer X, XII, XIV, and IMP. The magnetic field

inéide the boundary decreases going towards the boundary
 steadily much as expected for the earth's field, butfthen
"suddénly at the boundary:the fieid changes directioﬁ‘ahd

 1'st?ength and becomes disordered. At this sane point dn the

.side towards the sun the radiation belt abruptly ends.

o Particles‘cannot be trapped.for long by the turbulent magnetic .

-fiéld outside the boundary. On the.dark side of the earth the -
“tall of the magnetosphere will not contain trapped particles.’

Beyond about 8 earth redii the particles, due to.phé;r normal
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In the transition region inside the shock wave are found
Fluxes of

drift in longitude, will drift out the side of the magnetosphere
and return to the solar environment. Particles inside 8 earth
radii can drift to the front side of the earth and complete
the clrcuit and be trapped a long time inside the magnetosphere.
A recently discovered and very interesting feature of the

earth's environment is the shock wave towards the sun from the
). The magnetometer on the IMP -

magnetopause (see Fig.
. satellite showed that at this point the turbulent magnetic
field in the transition region outside the magnetopause

changedland oecamé quite steady at about .00005 gauss usually
at about the direction predicted by the spiral pattern of =
This indicates a shock wave. It is

the solar field in Fig. 1.

quite reasonable that a shock wave should exist at about this
point. A éupersonic bullet produccs a shock wave in che air .
ahead of it. Similarly the supersonic solar wind, blowing at
the earth, then might be expected to make a similar shock wave
This shock

and at just about the stand-off distance found.
wave: is of a peculxar type - a collisionless magneto-hydrodynamic

the;accion of the magnetic field. Outside the shock wave the
solar w1rd is directed radially away from the sun., . In the

tran31tion zone the wind is random in direction.

more energetic particles than in the solar wind.
about 10lo electrons/cm -8eC of 1<E<10 Kev and 107 protons

Also at abcut the shock locacion a

of B > 2 Kev exist here.

shock produced not by direct collisions of particles but through




na?row region of about %0 Kev electrons is found. It appeare
‘that in the shock and also probably in the turbulent region
behind the shock particles are accelerated. It seems‘likely
that a Fermi-type acceleration can take place here. The |

particles will be pushed to-cnd-fro by-the turbulent magnetic

fields and in this process some particles will be speeded up.

- This transition region probably is the breeding ground of many
'of the outer Van Allen belt trapped particles. Thereuere'
reasons for believing that the magnetopause is‘unstaﬁie ~ that
various kinde of ﬁaves can grow in the surface and that
"'particles can leak in through the surface as a result of the
instabilities. This would mean that we c¢ould take ‘some
particles from the transition region and bring them into the

- region of trapping. :In fact, electrons are observed in the

- tail of the magnetosphere past 8 earth radii where we.feel
- eure they cannot be permanently trapped. These electrons are
of similar energles to those in the transition zone. ‘It is
quite likely that they have been brought in through the sides
of the magnetopause probably by an instability and after a
short tlme in residence in ths tail of the magnetOSphere

drift out %o’ the edge again into the transition zone. This
zf transxtlon zone cpntalns Just the right kind:of protons to be
the seurce of the outer zone protons fhet we have suggested

may dbe magnetically pumped into the field from outside the

magnetopause.<ff‘
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- Bffects

What can we say about the earth's environment as it

- affects spacé flight and people who work on problems related
~ to space flight? The most obvious problem area is in radiation

' damage to solar cells, transistors, optical surfaces, and man.

A particle flux of 3 x 107 particles/cna of high en&ugh energy

particles'to be minimum lonizing will give one Rad dose. The ,
table below'shows radiation levels to damage'severai,sensitive

3 systems.

To give some examples of radiation belt particle doses

we have shown in Fig. | the particle fluxes that a circulsr

orblit satellite would encounter in a day at'differen?*altitudes

from high ‘energy procons and from the artificial radiation belt,
The afTiCi LA Lc\'%‘

, as. it existed in Nov. 1962. &% has probably decayed by about

,";x 10 to the present. These data are'for an unshielded satellite.

As we add shlelding we cut the particle flux down as shown in

“.  Pig. - . This shows ‘there are trade-offs between ‘acceptable
' doae, flight duration and altitude and shielding that must be

'}con31dered in des:Lgnln6 a flight.

For the astronaut going to the moon the radghtion belt

dose is probably quite small because the transit time through

, the belt 1s small. The artificial belt ls decaying and should
A be almost gone by the time Apollo flights occurs Solar protons
. are he blg problem. If by getting some fairly reasonable
- predlctionA scheme for solar flares we can cut the probabxlity

“of encountering a large cne to a small percentage thls is quite




- good. Also with several gm/cm

o
o~

2 shielding the dose even from
a large flare is unlikely to be larger than 50 Rad (see Table I).

- If the moon has a bow shock as the earth does, then there

may be energetic electrons and protons in the lunar transition

region to consider also. These are of low enoubh energy s0

that they can be shielded out rather easily. For photography

on or near the lunar surface care must be taken that the

~electron flux doesn'f darken the emulsions,

If in the future attempts are made to send satellites

to Jupiter considerable care should be taken about radiation.

“The design engineer has my sympathies.  From what we know of

~the Jovian radiation belt it is a rather fierce one;*”If there

‘are lots of 10 Mev electroans as we suspect, shielding will be

;difficult because the electrons will use a large fractioh'of“

.their energy to make very penetrating X~rays. It ta) ‘s about

'20vgms/cm to cut this X-ray flux in half.- If the electron |

'fldk'is'loa elec/cma-sec one may have to put up with doses

. of about 1 Rad per second over a distance of several Jovien

Vradii. This will pose some interesting design probiéms.

- The radiation environment of the earth alsc affects long

distance communications. The ionosphere which is responsible

for reflecting radio signals varies’ substantially as a res ult
of the influx of charged particles. Radio blackout moy occur
ln the polar regions during a solar proton event. ,During ?
magnetic storms tho ionosphere is unusually olsturbed; Ve
doanoﬁfunoe:stand;the[procoss thac‘mo;ntaios'tha'g§ghttime.

X i
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ionosphere but it may be due to -particle precipitation

'into the atmosphere. We could icprove our understanding

of long-distance communications by understanding our -

knowledge of the radiation environment or the earth. o




- the flnal word on - the subject.
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Summpary ,
In the next few years NASA will be carrying out

research programs aimed at answering some of the questions
we have left unanswered here. Clearly-efforts will be made

to study the low energy trapped particles we do not know

‘well now and to watch time changes in the already measured

higher energy radiation belt particles. We will get more

detailed data on the energetic particles in the transition

outaside the mégnetopause and will continue to study all

solar proton events that occur. Also studies of the radiation

- environments of the moon, Venus, and Mars will move forward.

With the OSO satellites and the Advanced 0SO, studies will

be'madé offthe sun; espécially to get nmore detailed information

v’about solar flares.

‘It is eclear that our understanding of the. radlation

environment of the earth is quite incomplete. Having been‘f- ¥[

surprised before, &as by the discovery of the radiation belts,

‘we should be prepared for more surpriées and treat this

present survey of the problem as a progreas report and not

- e
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- Radiation doses in Rads from large solar proton events
| o m m c B ap B0 | .
;o 1956 55 35 20 w0

’ 1959 35 116 27 5

" July 1959 - .. B o SN :
(3 ¢ents) - 885 405 - 100 - -+ 31

Nov 1960 L B S
(2 events) = 396 211 72 LN37 T

S July 1961 ¢ . o L L
(2 events) 90 42 11 SURE. SR

Nofallowance'is made here for  -particles or for lgfé

' argigipggloqunergy'magnetic-storm protons,]f,j'
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