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ABSTRACT 2.10°°

Of all tho natural envi of & trial space, probably
the moat hazardous is the yadiation to be encountered., The threc main
sources of radiation are galactic cosmic rays, Van Allen belt parcicles,
and solar flare particles. Galactic cosmic rays are very high energy
paxticles, but since their flux is low, they will not be considered in
this analysfs. Tho Van Allen belt particles will not be constdered, sfnce
we are specifically interested in the onviromment encountercd at some
distanze from earth greater than about fifteen earth radif. Thus, we
are left with the solar flare as the main contributing source of inten~
sive radiaticn.

Discussed is the solar the p
sphere, and corone. Most of the wain ltruccures found within chue arcas

are mentioned, and some are elaborated on.

laxt are described the various types of -ohr flares which have ber
b problem of cons a solar flare “model" is discust
and pctcululc curves based on p:uenr.ly available data are suggested :
& solution. These cutves sre drawn for the 99.9 pexrcentile, SO percen
&7 pctunu.lo, and 50 perceatile groups.
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now being tse

- Probadilitiss of solar flare occux
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as 2 basis for studies oa solar flare predlct!ng are considered.

m:ldd .that even accurats solar flare predi,cum cammot alleviate E

nissico. - 0]
ru

the amomit of shielding required for a long duration extraterrestrial

A few of the mlmuou involved in solar flare shiclding cal. [T

14 Aaze anﬂaposubh-nm of approuch to these probl g—
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particles, but since their {lux is low, they will not be considered in

? Time lopment of a Hodel Flare Bvente.eeeeeees 13 this analysis. The Van Allon belt particles will not be corsidered since
¢ I et oo ot o vl e Tl e Ay s s i vt emgied o o
TeTTreeemmemeaees arc loft vith the solar flare as the main contributing source of inten-
N 7 Fumber of Solar Particle Eveots vs Heliographic sivo radiation.
- LN LtUde. s aeacaaccacttnsensacansonacnessssssssne 21 ) Discussed {s the solar atmosphere including the photcsphure, chromo-
8 Annual Distribution of Solar Particle Events..... 2 sphere, and coronn. Most of the main structurcs found within these areas

are mentioned, and some arc claborated on,

Next are described the various types of solar flares which have been
observed, The problem of constructing a solar flare "model” is discussed,
and percentile curves based on presently available data are suggested as ‘e
a solutlon, Theye curves are dravn for the 99,9 percentile, 90 percentile,
67 porcentile, and 50 percentile groups,

l Probabilitics of solar flarc occurrence,and methods now being used ¥a
as a basis for studics on soiar flarc predicting arc considered. It is :
! concluded that even accurate solar flarc predictions cannot alleviate
¢ the amouv’ of shielding required for a long duratlon excratercestrial
mission,

A fow of the complications invoived in solar flare ghiclding cal-
culations are covered, and a possible means of approach to these problems
ia suggested for futurc cxtraterrcstrial missions.

I, INTRODUCTION

: Ono of the many problems which must be coped with before extra-
texrestrial missions become routine is that of radiation hazards, Even
though very little is certain about the radiation environment in space
today - scarcely five years before the first scheduled landing of men
- i on the lunar surface - our knowledge has increased by many orders of

e s oy e e e e .




magnitude over what wo aven suspected a few years agu., One can only
thope that this gradient of data collection and interpretation can bo

maintafued so that the success of this lunar mission and all succeeding N
extraterrestrial missions wmay zurmount the natural radiatfon problem. . 11}

The solar flare with its associsted proton ovent has been studicd o 4 17/ Y
for only a few ycars. Bafore 1956 the main source of particulate radia- Ty r 3 1= !'
tion cutside tho earth's atmospherc vas 3 to be from galoctic * ) (] 1

- .}.._.._.—_-

cosmic rays. Thesa particles ace found to bombard the carth with
individual encrgles ranging from a fow Mev up to as much as 10° Beov. :
At scveral tines during the carlier ycars, large incrcases wore noted ‘
on ground-dased recorders of the cosmic yay intensity. These increases 2
are now believed to bavwe resulted from solar flare proton ovents. With
the adveat of high altitude balloons, rockat probes, and satcllites,
wuch mote data have become available about solar flares.
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THE SOLAR SPECTRUM AS COMPILED BY
H. H. MALITSON, FEBRUARY 1963

\:

" Flares are usually assoclated with active centers on the sun.

‘ Theae active regfons are made up of sunspot groups which are relatively
dark spots appearing on the photosphere - the visible surface. Sunipots
are reglons of intensive magnetic fields on the sun, with field intensities
in the kilogauaa range. These regions are cooler than the surrounding
photospheric temperatures of about &000°K, Theso cooler temperaturcs
are d by the inped of charged particle flow by the intense
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wmagnotic flelds. The cxast mechanisws involved in the solar praton ]: |
ecvents arc not yet well underatood, but 3 puber of interesting studics a ; |l \ v
“7 g ! are pow underwvay, some of which will be discussed in the following ) 3 L;’ i
v : sections, e, H " R
i RS e—— I J’ I
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II. THS SOLAR ATMOSPHERS p 1 E ; :;- {ﬁ,] ¥
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Before procceding into the actual solar flaxe eavironment aodel E iu (\/ i ‘,: ='§ Y !{ .
itself, it might be helpful to identify some festurcs and terms used ) L7 P l"l,‘iid!u,_;
in solar studfes, The sun is actually a dwarf atar which belongs to ’_"'E - r > 7 A TR
a class common fn the galaxies. o { .(i" !;\ o g
————— *
The photospherc Is the visfble disk of the sun from which moat of im f_ ' J; I \\ ’ ; E
the ~lectromagnetic radfation {s cmitred. Since it is mzde up of an d ‘l 4 2 L 1 3 ]“ .
opaque gas approximately 350 kilomecers tn depth, it is considercd a . k. wif_J g ] R i g [» H ]
part of the solzr atwosphere rathor chan che sarfsce of the sun., The 10 ) 'l Y ,ﬁ ;l' e iy
temperature of the photosphere ranges from sboutr 8000°K at the bottom O 0. l, AN . i -+ ’**|
- to 4500°K at the top. The wvulergth-intensity curve fits closely () N2 ] - ‘:[—-:—-
the curve cmftted by a 6000°K black body (Figure 1) between wavelengths B e R L e T T e ey 71TV WS Y WL B
1000 X to 1 cm {18). * s (Y ymieD  BNTIOVEY VLIS




Tha photosphere when magnified ts observed to have a granular struc-
ture rathor than & smooth surface. This conflguration is one of small
bright cell-like structures scveral hundred kilometers in diameter
scparated by darker and cooler arcas, The "granules™ have a mean i1tfe
of from three to sii minutes and arc the results of convection in the
photosphere,

The chromosphere is the transitfon region between the 6000°K photo- .
sphere and #iy 2,000,000°K corona. The chramosphere riscs to a height
of sever. chousand kilomcters above the photesphere and is spicular (n
aprwaran... The spicules, which appcar as bright spikes sticking out of
the photoiphere, arc appareatly the result of cool and hol columna of
mate “20l flewing through this region. The aplcules arc ctheught to be
coolexr than the surrounding regfons. The oxact wmanner {n “hich this
region of the eolar atmesphere coaducts heat to the corona remains to
be cxplained.

- The corona, as mentiocned carlier, is the sun’s outertiost atmospliera.

{ It extends from just above the chromosphere out beyond the carth's orbit,
and) accordinmg to some cbscrvations, may not torminate by reccmbination

1 until beyond the orbit of Mars. The tesperaturc of the corona is esti-

: mated as beinp aboct 2,000,000°K with a variation Airectly proportional

v to the solar activity. The dens{ty of the coroma is very tcnuous thus
naking the tremendovs tomperature of little concerm in space flighe
engincering. The coroma is also the reglon ulthin vhich the solar wind
exists. The solar wind velocitics as measured by Mariner LI range (rxom
200 to 600 kilometers pcr second with a density of 2 to 20 particles
per cublc centimeter f1).

tirc (r=in)
(Seo Table I)

TRME-RADIQ FREQUENCY DIAGRAM QOF A SOLAR FLARE

FQl and p L ace apparently two namcs for the ssme
ph The promt is ooserved on the limb against a dark sky .
and thus appsars bright, whereas tho filument s scun 3gainst the solar o~
disc and appears to beadark thread the photosphere, The struc- E
turcs arc actually long thin shects of gas risingy above the chzomosphere B
[

to beights of about 40,900 kilomcters.

Solar burats refer to large increases (n intensfity of the radio
noisc emissions from the sun, lasting from a fow scconds to 2 fow minutes.
Table I and Figure 2 depicc the radio frequency history of s solar flare

BV TR e e s

Faculac, which aro dark regions appeariog on the photogphere and
extending fnto the chromosphere, are largely assocfated with sunspot
groups and exhibit the same veriation uith sclar activity. The bright
arcas, 1 d In the ch phere, but associnted with the faculae,
have been called plage regions or flocculi. In general, the faculse end .
plage will develop rapidly and associated sunspots ppeal shortly therc- i
after; b the witl disapp torg belcre the plage has com- g

. p
pletely faded out.

Uijerts )

o
ot

6 -

.
e 58
E:




CHARACTERISTICS OF SOLAR NOISE

TARLE X

Identifying Source Frequenc:
Type | Characteristics Characteristics uuuezeruzlu
I Boist storms Assumcd to be of a non- | Less than ~ 250 Mc/sec
usually last. thorwal origin, assoc- with bandwidth 1.10
ing from houxs iated with sunspots, Mc/sec for bursts and
to days; or "R centers,” and some- 10-100 Mc/scc for con-
bursts of ~ 1 times flares. tinuum, The intensity
:;cmd dura- at 100 Ke/sec
on,

uatts

=21 _ )=V .
1o 10 ;’(chec)

n Burats with
alov drift of

Source is duo to plasma
oscillations assocfated

Mainly less than
150 Mc/sec with the

3-10 sec or in
groups of 1-5
mimras,

timo with flaves.
The source has an
outuward velocity of
~ 10° lm/sec.

~ «0.3 Mc/sec? | with flaves. Occur~ bandwidth of about
lasting from rence begine about 2 x 10~ of the
5-10 micutes, 7 mimates after flare. Obgerved frequency.
The source moves out- Intensity av 100 Mc/sec
uard at ~ 1000 km/scc. is usually
-20 -1y _ uatts
1’ to 10 :!(_cl-l—e_e—f
m Buzsts with A d to be gesr from > 4000
"~ fast drift of iated with plasma Mc/sec to < 10 Mc/sec
~ 30 Mc/sec? oscillation associa- with a banduidth almost
lasting singly ted 50-60% of the equal to the frequenty.

Tho intensfity usually
ia iess than

watts

=(claecy

10-2°

w Smooth con-
timnm lasting

to hours.

Source {s due to syn-
chrotron radixtioca,
Occurring 70-80% of
the time vith [‘ares
at ~ 15 minutes aftexr
start. Infrial
souxce velocity
ranges from 1-5 x 103
km/sec for about 10
mimites acd then
source becomes sta-
tionary.

Cover the complete radio
band but vary from burst
to burst, The bandwidth
is frequently seversl
octaves with intensities
from

watts

20 19
107 w0 1671° o Teesy”

L

<

TABLE I (Continuod)

Identifying Source Frequency
Type |Characteristics Characteristics Characteristics
\' Smooth con= Synchrotron radiation | Frequencies less than
tinuum last- occurring before the 200 Mc/sec with a band-
ing from 1-2 maximm of solar width of scveral Mc/sec
miputes. flares, Tho velocity | at 50-100 Mc/sec.
of the source is Intensitics
| ~5 x 107 kn/sec
| -
-20 -10 watts
) 10 to 1O ;27—@ PTYS)
Hicro-) Continuum and Assumed tn be of syn- | The frequency range is
wvave lbursts laste chrotron and possibly | ~ 1000-20,000 Mc/oec with
ing 0.5 to thormal origin assoc- | a bandwidth of several
N 20 minutes., iated about 80% of octaves. The intensity

the time with flares,

{s usually ~ 5 x 10"22
to

20 _watts

5 x 10- _T—mz(c sec) at

3000 M/sec,

Of all the previously mentioned strucrural fecatures of the sun, none
are as woll knowm and documcnted as tho sunspots.

Sunspots are arcas of

intensivo wagnotic fields which inhibit the outward flow of gases in the

photosphare.

They usually concist of at least one positive pole and at

least one negative pole, but scmetimes occur with oaly ome polarity in

all the spots.

Generally, the cast-west polarity of the ficlds places

one particular pole (eittior positive or negative) in a given hemisphere

! in that hemispkere.
for all bdipolar suunspot groups.

these {

ive

' , pexhaps more.

for each bdipolar sunspot group preceding the other pole for all sunspots
In the opposite hemirphere, the polaricy ias reversed
At sungpot minimum, which occurs about

every eleven years, this polarity aftuation reverses for each hemisphere.

gnetic fields inhibit plasma flow, sun-
spots are coolexr regions than the surrounding photospherc.
groups can have areas up to .55 pexcent of the visible solar disk and

They consist of a dark ceater area called an umbra and a

Sunspot

brighter (but still dark when cospared to the photospheric brightness)
penumbral area.




Thave are three time characteristica normally used to describe . -
solar flares: . * I

(a) the onset dolay time, the time from waximum optical
mission by the flare on the sun to the arrival of
the firat particles at tha earth;

) the risa cime, deftned as the time botween the arrival )
of the first flare particles and the time of wmaximm ‘ t
flux intensity;

‘%c) the decay time, or the time required for the particle
flux to decrease from maximum intensity to the normal
preflare background,

100

Each of these three time characteristics =y bo applied to individusl
flares, or they may be applied to groups of particles, each group having
a specific cnergy or energy range for the particles contained therein.
Regardleas of how they are applied, they vary from flare to flare. *

s~ Flares are observed on the solar surface as being sudden {gcreases

- in light intecsity, eapeclally ia the Hy spectral line at 6563 A. They
are almost alwvays assoclated with pot groups, and are d to
result from the catastrophic expulsion of high energy particles.

Eaergy (mev)

SPECTRA OF THREE LARGE PLARES:

III, FLARE MODEL

L}

The term “flare model” {3 actually a misnomer since each flare is
individual in time and energy. There axe various aspects which cavia
these differences, some of vhich vill be elaborated on later. Fig-
ure 3 is a plot of the energy spectrum of thkree different large flaxes.

Normally, the £lux of particles over 100 Mev is a fairly amall
percentage of the flux of particles over 30 Mev; however, for the
February 23, 1956 flare, the number of particlcs vhose znergies excreded
100 Mev was 35 percent of the nusber of particlcs whose encrgies cxceeded
30 Mev. This means that this parcicular flare had a large mmber of high
energy particles. The mmber of particles over 10 “or wne 1.8 x 20°
uhere 1.0 x 10° or over 50 percent were over 0 ™ July 14, 1939,
therc wvas a solar flare whose total flux of par: - &h energtes
greater than 10 Mev was 7.5 x 10° or over four tim . tceat as the
flux of the February 23, 1956, cvent; however, the flu of particles
with encrgfes over 100 Mev wvas less than oo third of the February 23,
1559 event. These two flares are examples of high encegy flares and
b3 1ow encrgy flaves, respectively. The high cnergy flares appear to tave _

lower total nomber of particles, but the energics sre much higher and ' -

{s) WIGH PARTICLE FLUX WITH LOW ENERGY, JULY W, 199
) MEDIUM PARTICLE FLUX WITH MEDIUM ENERGY, NOVENBER 12, 1N
(c) LOW PARTICLE FLUX WITH HIGH ENERGY, FEBRUARY 23, 1956

s T | [0 W o S | o
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thororore require much thicker shiolding. Still a third type of flare A TABLE II
is intermcdiate between the July 14, 1939 and the February 23, 1956 cype INTEGRAL FLUX AT 10, 30, and 100 KEV AtD
flarcs. This is dep by the 12, 1960 flare. 1In this flare, CORRESPONDING CHARACTERISTLC RIGIDITY P
the flux of particles with energics between ~ 30 Mov and ~ 48 Mav exceeded o
cicher of tha other two flares previously discussed.
The parameter, Py, the rigidity of particles, is one mothod by which . Date J(> 10 Hev) (J > 3 ',“’" ) J¢> 100 Hov) l’o)
high chergy particles axe often classified. P, is determined by the protons v
formila 2/23/36 1.8 x 10° 1.0 x 0¥ 3.5 x 108 195
3/11/%6 - - - -
= -ah o 8/3/56 - 2.5 « 107 6 x 10° 144
P = cj —— R 11/13/56 - - - M
r
: 1/20/57 - 2 x 108 7 x 107 61
473757 - - - -
} vhere 6/22/51 - - - -
' ] 1/3/51 - 2 x 107 - -
i 8/9/57 - 1.5 x 10° - -
- m = particle ralativistic mass 8/29/51 - 1.2 x 10° 3 x 10° 56
9/21/57 - 1.5 x 10° - - |
N w, = particle reat mass 10/20/57 - s x 107 1 x 107 127
11/4/57 - 9 x 10° - -
C = velocfity of light
B 2/9/58 - 1 x 107 - -
ze = total chrxge on the particle. ' 3/23/58 2 x 10° 2.5 x 10° 1 x 107 64
4/10/58 - 5 x 10° - - .
; 1/1/58 1.8 x 10° 2.5 x 108 9 x 10¢ 62
! This formula may be reduced to the form 8/16/58 4 x 10° 4 x 107 1.6 x 10° 64 .
. 8/22/58 8 x 10° 7 x 107 1.8 x 10° 56 .
, 8/26/38 1.5 x 10¥ 1.1 x 108 2.0 x 10° 51 ra
JE = AT @ HF $/22/38 9 x 107 6 x 10° 1 x 10% 50 -
| A .
e : $/10/59 5.5 x 109 9.6 x 102 8.5 x 107 84
6/13/%9 - 8.5 x 107 - -
bere & tn he conal pareicle caray. | A SR - S S R~
In this form, coe mey tubstitute the particle Mev energy for K and ;ﬁg;;g 3.3 x 10° ?’; x :g?, 1.3 x 10 105
obtain the particle rigfdity directly from the particle energy. If E {s h S x - -
in Mev, the rigidity is given in million wolts or Nv. If E {3 in Rev, 1/11/60 . 4 x 10° _
then the rigidity §s in Bv or billicn volts, and so forth. 1In each case, : 311460 1.5 x 107 5.0 : 106 8.5 x 105 116
of course, the term moC? is the particle rest energy expressed in appro- 475760 - 1.1 x 108 > °
priate units, Tudle XTI is a compilatiocn cf some flares and thoir | a/28/60 1.3 x 107 5.0 x 109 7 % 10° 106
respective rigidities by Webber, et al. iZ]. ! 4/29/60 b ‘s : 100 = -
5/4/60 1.2 x 107 6 x 10° 1.2 x 10° 127
‘ 5/6160 - 4 x 10¢ - - :
- 5/13/60 1.5 x 107 4 x 10° 4.5 x 10° 95 i
10 R . 11 |
- . !
[ . .
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TABLE II (Continued)

Date 10 10 Mev) 36 30 Hev) I0 100240v) Po Fiux, N (perticles/cad)
{protons/cm®) tv) . .
! 6/1/¢&0 - 4 x 103 - - |
8/12/60 - 6 x 10° - - 110 L
9/3/60 9 x 107 3.5 x 107 7 x 10® 127 ’ 3
$/26/60 2 x 107 2,0 x 10° 1,2 x 10° 73 -
11/712/60 4 x 10° 1.3 x 10° 2.5 x 10° 124 B
11/15/60 2.5 x 10° 7.2 x 108 1.2 x 10° 124 . B
11/20/60 1.6 x 100 4.5 x 107 8 x 10° 118 - \ \
711761 1.7 x 107 3 x 10° 2.4 x 10° 8l 10 L \
1n2/61 s x 10° 4 x 107 1 x 102 56 3 NI !
7/18/61 1 x 10° 3 x 10° 4 x 107 102 - \
7/20/61 1.5 x 107 S x 108 9 x 10% 120 . o \\\A_
7/28/61 § x 107 6 x 10° 1.1 x 16° 121
- 11/10/61 s x 197 6 x 10° 1.1 x 10° 121 i \ \ B
. : 274162 - - - - wt < ——
; 10/23/62 6 x 10% 1.2 x 10° 1 x 104 83 E
i - P — C
| -
' After studying the various solar flare flux and encrgy distributions, \ .
! it iz apparent that no wmodel flaxe can be derived which wili accoimt for . o . .
i all the flarc spectrums. FPossibly the woat reasonable apprcach is to : 3 15
' derive a maximom “envolope™ which covers all the flares thus for studied < \ \ “ .,
1 and use this for our extreme design purposes, ~ \ ".‘_
: Such a model will necessarily include a muximm flux in each encrgy {- .
reglon studicd. The resulting total dose calculsted from such e model \ €
will be high, but the probability of exceeding such a flare sprctrum 1w A — . N
will be very low. It i3 thus suggested that the solar flare model ¢ 2 © 0 ™ :
adopted be determined directly from data which exist on the presently Energy (mav) 00

available solar flare spectra.

rigure 4 xep s ane app h to the solar flare energy-flux
solutfon. Qurve A represents the saxirmm envelope for all golar flares.
It is devised by taking the maximm flux in the 10, 30, and 100 Mev
encrgy racges. Although this cuxve ropresents an ideal design cuxve,
it is obvious frox a look at the shieldiog required for this flux of

&
particles that vehicle protection would be & ible vith present day FIG. 4  EMERGY - FLUX SPECTRA BASED
: shiclding characteristics. Almost S grmlug of shielding is required UPON WEASURED DATA
g jost to yeduce tho dose to 100 rads. Qurve B oo the cther taad is a
more realistic approach, This curve covers approxiratsly 90 percent
¥ - .
b 5 12 [}
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of tuc flares with fluxes over 107 ia the 10, 30, «nd 100 Mev ranges.
Yhis flare spectTum would reduce the shielding requircment bg about

20 percent. Curve € covers twosthirda of the flares over 10° in flux. Protons (™2 wac™! aterndian™)
The big factor here is that less than 2 grams/cw® is required to reduce
tho radinticn to less than 100 rads, and at 5 grams/cm® tha dose is only
about 20 xads, OCuxve D is a fifry percent curve for flares that have ) € » 500 mov
flux over 10° partictes/on?, and curve B is arbitrarily chosen to repro- 10
, acnt the mintwm flux-enorgy spaectrum vhich should be cven constdercd.

. 0.5
9 Each of these curves vas obtained by taiinre the existing flare

: data and calculating which flare 1o the individual ezoegy ranges - 10, 0

3D, and 100 ¥ev - had the given porcentage of flares under 1f. 0 »

b s 0 125
The devolopment of a typical solar flare in time is shown in Fig- Howes After Optical Onset
arc 5. The eaxliest &xxriviig particles are ncar relativistic in «anergy,
and thelr flux is anisotropic, usually appearing to originate at about 2 - -
50° west of the sun, This means that the particle coergies are large Pratas (cataec™ storadion™)
enough that their distribution is not scverely affected by the ambient
- solar magnetic field.

B> 100 mev

50

= The encrgics associated with these particles are In the Bev range,
and the particles themgclves are mostly protons. However, Freier and ; W
2

O\
/

Mcbber (3] have recently completed a study of radio-sbaorption

which indicates that above a cercafn rigidity, the ratio of protons to
alpha particles s 1:1 for several flares. Table 11X is o listing of

a few flares with thelr associated proton to alpha vatios and rigidities. V \

TABLE IIL Hows Alter Optical Ouse? .
Date 3134 0 : Prosens (ca T sec™! storadien™ ) %

Ml

February 23, 1956
May 10, 1959
Jaly 10, 1959
July i6, 1959
N September 3, 1960
wovemder 12, 1960
Novexber 15, 1960
Jaly 12, 1961
July 18, 1961
A FIG. §. TIAE OEVELOPAENT OF MODEL FLARE EVENT
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The
flux of these very high cnergy particles is very small vhey

f view thes {mpor
of view ¢ particles are far more
range of protons in aluminum as an illuatr::‘l‘;;- Table 1V shows che

: TABLE IV
! RANGE OF PROTONS TN ALIRMINUM

Loergy (Mev) Range o
1
g .0035
100 .17
10.5

The rise time assoclated uich
these particles is wvo
the order of one-half hour for the higheat encrgy part‘x,:ltz:ho"' *
T

. e ——————i .,

5 sthee hend, the deca
R hend, y time is also short, re)
Over energy particles. As can be geen from rignre 5, u:t::;:: :f-v

days.

a highly conducting, med tom; thus, as ir expands outward from th2 solar

! surface, the plesmz takes vith iz some of the surrovnding magnetic feld

This .| c field 1 tyeng!

P ing magneti ifics the norma}
the t:glon oi:cupied by the plasms flow with the mul:l:!,:t.r.bc nou‘ a
deosnlf Iay intensity within the region is decreased due to onas
dc tection of particles. This pbenomonon {8 known as che l-‘thetbm‘h
t_ec:maz;. On carth it appcars as a decxcase fn the cosmic . £1
ound occur just before a magnetic stomm. oy e

&v:e haho;ncn!nncumtot the carth's ring current, due to che
tltnamt partfc! ?mﬂ:mg into these reglons from the poiu The‘:o
: lmdhpcdhy. €ausc a geomagnetic storm and the asyociated

The
plasma cloud contfnues ro expsnd until an equilfhrica coodftion

:: veached where the particle flux fs cqual in all directions

to the
integrated flave Elux itsolf, but from a radiation point

time foer particles with
cuergics over 500 Mev {3 on the hours
the decay time for parricles of cacrgics over logr::vr :st ::venl

When the cxanding plasma cloud
. encounters the earth's magne
here is a resulting coopression and deformation of the ge:-agmt:?I;:::‘

e e e il e — At i ma ol

IV, SOLAR FLARE PROBADILITIES ARD PREDICTING

Two methods were used to calculate the probabilitics, p, of occur-
rence of solar flarca, Onc was the standard ng/ny method shown in Fig-
ure 6. O of a total number of days, ng¢, therc werc ng occurrences of
flaces whos» Individuanl total integrated flux exceeded the vertical

scale,

The objection to this type of analysi: s that the data presently
availahle might not warrunt this ng/ne relation. The altermative then
might be to assuma a Poisson distribution and choose instead an equa-
tion used by Dalton [34] to calculate mcteor parameters,

1(3+20)/6157 (ng-n£)/2)

p-l-[ﬂ-;:;g)']

where
5 = Owhenn, ~ 0
5-!vheunt»‘0

= confidence that the probability of event occurrence

c
per trail is not greazer than p. Here C = t/2.

Thareluce,

1/ (ng-ng/2)

Pl |- .

o

At chis point, we notice that flares ten? to group themselves,
This is to say that, if onc fiarc occurs, the following few days have
a higher probabilicy of flare occurrence than otherwise. Looking back
as Table II, we nocice In particular August 1958, July 1953, April 1960,
May 1960, Hoveaber 1950, and July 1961.
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Long rangc predicting of the occurrence of solar flares fs one \
of the major undertakings for insuring saf of rial
missions, A number of studics have been and are being made to
establish reliable weans of predicting solar flare occurrences. Some
of these studfcs and cbservacfons will now be discussed.

It is gencrally assumed that solar flarcs sre associated with
pots which g e at least a part of the energy required for
the event occurrence. However, there are cxamples of solar flares
occnaring at voints where no sunspots _ppeared to cxist. Since these
occasjons are rare, a relatively obvious way of approaching the solar
flare prediction problem is to study the sunspots and sunspot groups
themselves.

Anderson [35) has pointed out the apparcnt correlation between
large p bral arcas of P and the subsequent occurrence of a
solar flare. The criterfon which Anderson used was that large unbroken
penumbral areas must equal or be greater than the arca of the July 5,
1958, pcnumbral regfon. He alaso restricted to two the number of spots
in a group that could contribute to this criterion. In the thrce-year
period studied, out of a total of forty cvents observed, only two
occurred outside of a tine period when these large penumbrai arcas
were observed. Furthermore, it was found that for the events which
did occur when large pemmbral areas were cbserved, nonc occurred
before two days after the development of a "eritical™ penumbral size.
The data for this study were collected over a three-year period, which
is a very short time vhen measured in astronomical studies. The next .
solar cycle should provide data on the validity of this theory. .

In addition to the sunspot corrclation, it has been observed for
somg time by a mmber of people that the times of minizum and maximm A
solar activity scem to be relatively free from solar flare occurrencen. P
Rather, the solar flares tend to occur on the rising or falling slope of 4
solar activity. Oace again, this could be a real effect or it could be
a coincidence, but 1f the effect fs real, Lt may wmean that we will per-
form our mamed extraterrestrial - or better, extramagnetospheric -
missions during sun-pot —xi-.- and minfmom, and concentrate on earth
orbiting and pheric missions at in-between times.

Most of the Righ energy events have also bcen observed to have had
their optical flares on the western limb of the sun. This is probably
due to the trajectories followed by the high encrgy particles. Apparently,
the path to the earth’s orbit is more nearly opean to particles originating
on the west liab of the sun.

19

- ——— - -




K]

As vas muntioned earlicr, sunspots which have had a previous flare
arc more likely to have another flare than a sunspot with no flare
history. There is also some evidence to indicate that the first flare
might tend to “open™ the way for subsequent flarcs in tha intexplanetary
mediom, For instance, in a scries of flares from the same region, the
first seems to clear the wvay for the following flare or flarcs. The
subsequent flare particles tend.then to be more intense, as if thoy were
funnoled along after the primary flare.

Guss [6] has performed a study of the distribution of flares which
produce particles at the earth with heliographic longitude. His graph,
Pigute 7, lhun that nt 90 d&enu beuog'nphi.c longitude there s a

in the of d d gvents. This is especiaily
t:tne with the monitoring o. the high catrgy particles,

In still another casze, the "seasonal® occurrence of solar flares
iz being studied. In the time periods of December 3 to January 15 and
May 15 to July 8§, only one solar particle eveat has been recorded,

The only immediate apparent correlation here is that, during the carly
part of June and December, the carth crosses the sun's eqiator. It 1s
ivable that b of the revorsal of magnctic poles in the
opposite hemispheres, a region of magnetic turbulcnce is cstablishad

so that in that region there is a dearth of solar flare particles,
Figure 8 is a graph showing this effect.

. The final program for solar flare prediction of which the author
is auvarc is an attempt to corrclate solar flares with planctary align-
ment. If coe could establish that the gravitationai effects of the
plancts do significantly pecturd the innerwmost reaches of the sun,
then one might imagine that solar flares could be correlated with
planetary alignments,

When 211 of these theories and atudy results are combined, it
devclops that missions should be planned for December oz May just after
the 90 degree heliographic meridian has passed behind the limb, during
a time wvhen there are no sunspots with large unbroken penumbral arcas
(oxr £f there axe, they ahould not be located on the west limb), at a
time of maximam Or minimum solar activity, and when the planets are
evenly diatribated around the sun,

The serious problem develops when one considexs oxtratervestrial
missions plamned for the next ten years. These misslons will be
extremely limited 1€ the mission lengths have to b2 restricted to
times vhen solar flares are unlikely to occur, This throus the main
burden of protection right back on the radiation shielding employed.
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V., CONSIDERATIONS FOR SOLAR FIARE SHIELDING

In performing shiolding calculacions, one should first cstablish
the amount of radiatfon which might be called the maximm allowable,
To specify a shiclding crit .on for thc human organism, we specify an
WDxo, or the dose in rads which would be lethal to SO porcent of the
populatfon in 30 days, The LDgo for a skin dose is zcncrally considered
to be atout 500 rads distributed evenly over the whole body. When
apeaking of organs of the body, one speciffes the LDso as the radiatfon
doso which will cause ths specific organ to ccase functioning in 50 per-
cent of the population, For the bloud-forming organs, this point is
200 rads, and for the eycs, the dosage is often consfdered to be 100 rads.

Tha difference here comes from the fact *hat the cells of certain
organs arc csscntially irrcplaceable. The cellular structures within
tho cye arc good examples of this; thus, we say that the relatfve
biological effectivencss, RBE, for the eyes is large. On the other
hand, the RBE for the extrcmities, hands and feet, is low.

The following table is a cocpilation by Tobias [19] of the expecced
effects of human acute whole-body radiation exposurc given in roentgens.

TABLE V
l" M
Acuce Dose .
ens Probable Effect
*
0-50 No obvious effect, except possibly minor blood changes. ".ﬁ
80-120 Vomiting and nausca/for about 1 day in 5 to 10 pcrcent \ .

of exposed personnel. Fatigue, but no serious disabiliry.

130-170 Vomiting and nausea for about 1 day, followed by oth.r
symptons of radiation sicknesa, in about 50 percent of
personrel, No deaths anticipated.

270-330 Vomiting and nausea in nearly all personncl on the
first day, followed by other symptons of radiation
sicknesa, About 20 percent deaths within 2 to 6§ wecks
after exposure; survivors convalesce for about 3 months.

400-500 Vomiting and in all p 1 on the first day,

followed by other symptoms of radiation sickness.
About 50 percent deaths within 1 wonth; survivors
convalesce for about 6 months,




TABLE V (Continued) TABLE VI (Continucd)

i Acute Dose rad relative absorbed dosage
Probable Effeet cnergy/unit mass (100 ergs/gm)
1 ne & hours (The amount of energy imparted to matter by fonizing
' 330-750 Z?:;?u;: ;:ﬁ::e:nb; ot;e:.:;::t:tténudht(on particles per unit mass of irradiated matorial at the

sickness, Up to 100 percent deaths, Any survivors place of intercat.)

convalesce for about 6 months.
1000 Vomiting and 1n all 1 within 1 to 2 roentgen cnoxgy/unit mass (83.8 ergs/gm or 0,93 rads)

- Probably mo survivors from radiaticn sickness, . (The quantity of X, or gamma radiation, whose corpuscular

5000 Incapacitation almest immediately. Fatal to all caission per 1.293 x 107° gm of air (1 cm® of standard

el within week. alr) produces, in air, fons carrying one clectrostatic
pers one unit of :lectricity of either sign.)
rep roentgen-cquivalent-physical

11 d
Another term, other than RBE, which is normally uscd to express cnorgy/unit nass (93 ergs/gm)

the zmount of radiation imposed upon a structure is the LET. The LET

or linear emergy transfer is a measure of the amount of energy trans-

~ ferred from the radiating partfcle to the irradiated material as the

iy particle pasacs through a standard thickness. The LET value then varies
with maceriai irradiated, the radiating particle’s energy, and the atomic
mmber of the radfating particle.

(Absorption of 93 crgs/gm of body tissuc.)

rem roentgen-cquivalent-man
cnergy/unic masz

The following table defines some of the terms normally used in (The product of the dose in rads and RBE.)
radiation studies. s

The effccts of sccondary radiations should not be overlooked, 1In
TABLE VI certain cascs, the sccondary emissions are more important than the o
primary radtatlion {tself. -

DEFINITION OF TEWMS

Energy is lost to a material by an impinging particle by one of
two mcans, that is, sither by absorption (wherc the cnergy is dissipated
by the matarfal as hcat) or by scattering (wherc the cnergy is lost by a
diffusing process with the material).

LET linecar evergy transfer
cnergy/unit length (cxga/em)

(The linear rate of loss of energy (locally absorbed)

by an foniring particle traversing a material medium,) The secondary reactions ..cur from the interaction of the imping-

ing clectror om the exposed material, Ths fndividual atoms of the
material absorb energy, and the orbiting electrons are excited into
outer shells, The atoms then reradiate this energy fn the form of

loglcal efficicnc
REE retacive blologlca v ', electromagnetic radiation. Such a process is known as bremstrahlung.
The resulting X-rays vhich are produced are extremely penetrating, and
(The absorbed dose requirea to produce a given effect og N 1
under gamma irradintion divided by thc absorbed dose . R may initiate secondary radiations of their own.

rcquired to give the samo cffect when irradiation fs - ,
by the particle being studied.) .
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Bremastrahlung, an cmission of very high enorgy electromagnetic
radiation, requirxes several 3nmalc:n2 of slielding to absorb. The
photons produced also initiate el.uctron radiations by means of Compton
scattering, If the photon is properly incidont upon a loosely bound
electron in the shlelding material, it may fmpart a portion of its owm
cnergy to the electron. The photon also losas energy by tho collision.
The encrgy loss is proportional to the change in directton which the
photon undergoes. This is the means by which X-rays acve scattered.

X-rays are also abaorbed by materinls. The absorption coefficients
depend upon the inftial intensity of the X-rays and are given by

- “RgX
X loe
vhere

I = the intensity of the radiation after passing through
material thickness

Io = initial photon intensity
¥, = linear absorption coefficient
x = thickness of the shielding materfal.

Values for uy are given in Table VII for water, aluminum, irom,
and lead.

TABLE VIX
Wavelength  Photon Energy Typical Values f-
i _oey R m. me m
062 0.20 0.133 0.360 1.06 5.0
.025 0.50 0,096 [+ B .63 1.60
012 1.00 0.071 0.168 R7Y 0.79
009 1.50 0.057 0.136 S0 0.59
006 2.00 0.050 0.117 .33 0.504
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For the purposcs of this report, we will overlool: such things as
pair production which occurs more in clemonts of high atomic number,
since we do not oxpect to use these materials as prime shiclding,

The mass absorption cocfficient [T ia found directly from the
lincar absorption cocfficient Hg by the relation

|
-~

where p is the material density.

A further consideration whicl must be taken finto sccount is the
3 tiering of high encrgy particies. From most axperimental data only
- vwm attenuation is considered, and the particles which are lost from
the beam ace assumed to have been absorbed. In many cases, the particles
are dispersed ond are lost to the beam, but must still be considered in
shiclding considerations,

Presently, vehicle configuration and vehicle material selections
are made first, and the shiclding calculations are then performed
using these restrictions, For the problems which are of most concern
in our primary attempts at manned space flight, this i{s probably an
appropriate approach to tha problem, It is to be hoped, however, that
after we have passed through this embryonic stage, we will be able to
give more consideratfion to vehicle configuration and material selec-
tions from a radiation standpofint., For {nstance, from a radfation
point of view, a spacecraft might be better protected if it were "
laminazed with a second materfal rather than the one materfal, Tt f
might be found cven better to have several layers of different moterials
used in the construction of the vehicle. Still, a third altermative
would be to construct a heavily shiclded arca within the confines of a
lightly shiclded vehicle, which personnel couid enter in the cvent of
a solar flare.

Whon one performs a radiation analysis upon objecta located
behind shields of different shapes, onc findas that the amount of
radiation fncident upon the teast object varies even though the initial
fonizing intensity and shicld thickness remains constanc. Undoubtedly,
thore is an optimm vehicle configuration which would provide maximm
shiolding for any given enclosed volume,
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It has also been found that the amount of radiation acquired by an
object within a shielded volume 1s dependent upon tha lacation of the
ocbject, The wmost desirable situation would bo one in which the radia-
tion vas evenly distriduted within the cnclosed volume. An analyais of
the radiatiocn enviromsent within a vchicle should considor this factor
in vehicle configuration studies,

Finally, it is obvious from the foregoing discussion that much remains
to be learned about the cffects of radiation on human organs as well as
the woat effective shielding designs,

VI, OONCLUSIONS
Future studies should be concentrated on the following:

1, Studying the solar "surface' to determine the wmechanisms
involved in the solar a pheric ph

2, Analysis of the solar flare occurrences during the
upcoming solat cycle to determine causes of solar flares,

3. Continued development and perfection of solar flare pre-
diceing techniques.

4, Development of the most effective aolar flare shield
which would be compatible with other considcrations for
sclection optimrm materials to be used in vehicle design,

Thorough solutions of these suggested points, especially 2 and 4,
would result in a much more secure apace program during the 1970's,
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