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ABSTRACT 

The properties of galactic and solar cosmic rays are discussed and 

compared. Their composition, energy distribution, intensity, time variation 

and low -energy cutoff by the earth's magnetic field are described. The 

demography of the cosmic-ray energy in the atmosphere is treated. Cosmic 

rays produced by solar flares, their implications to space travelers, and 

the shielding needed to protect the travelers from these rays are described. 

Dose rates measured by using spare probes and balloons are compared. Data 

for a carbon shci:eld are given. For design purposes, dose rates appropriate 

to space travel are included. 



PARTICULATE RADIATION: 
ELECTRONSg PROTONS UP TO CARBON 

Cornelius A. Tobias and Roger Wallace 

... 
INTRODUCTION 

The nature of primary cosmic rays will be discussed with only those 

constituents from electrons and protons up to carbon being described in detail. 

Consideration will be limited for the most part to cosmic rays as they exist 

at distances of several earth radii and further in the local solar system. The 

secondary radiation produced by these cosmic rays when they impinge on the 

atmosphere will be briefly dealt with and the effect of the geomagnetic field on 

the incident particles and the effect which this has on radiation at various radii 

will be described. The shielding which cosmic rays make necessary for any 

interplanetary vehicle carrying living organisms will be briefly described. 

Origin 

Although the origin of cosmic rays is still somewhat in doubt, the 

general characteristics which they exhibit when they reach the earth can now 

be described in some detail. They have been studied for many years. It has 

recently become apparent that there are two main categories present. The 

first category consists of those cosmic rays which originate outside of the 

solar system. We will call them galactic cosmic rays. Whether they 

originate in the galaxy or outside of it is not completely settled at this time. 

The second category will be those which originate in the sun. These are 

called solar cosmic rays, or solar flare cosmic rays. We will limit our 

discussion to particulate radiation, and will not consider electromagnetic 
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radiation, such as photons, x~rays, or gamma rayl:> which mi.ght be p.·esent 

in space. 

Galactic Cosmic~ 

The galactic cosmic rays app-roach the earth in •vhat ap-pears to be an 

isotropic spatial distl'ibution. Their intensity varies by about a factor of 2 

with an eleven year period. 'fhirJ is interpreted as being the result of magnetic 

activity arising in the sun in connection with ita eleven year sune;~pot cycle. 

The original galactic cosmic rays are therefore ?resumed to be relatively 

constant in time. This constancy in time appears to go back in history at 

least a haH million year a, and probably much longer. 

The constituents of the galactic cosmic rays azoe largely the san1e ae 

the constituents of the known univers, as ia seen in Table I~ i) In thi~ table 

some more recent data from Winkler(2.) has been added to the original data 

of Harrison Brown. It is seen that the relative abundances of primary cosmic 

rays from the galaxy are not exactly the same as the presu:rned relative 

abundances of the elementB in the universe, however the differences are 

weH within the generous experimental. errors. The nuclea.r species present 

in cosmic rays can be directly measured and therefore this part of the data 

i4robably more accurate than the relative abundances ~vhich are more 
I 
I 

difficult to measure since much of the matter in. the universe is obr>cured. 

At any rate. although it is not important to our present ;:>Urpose, it appears 

that galactic cosmic rays are an average sample of the universe which has 

been accelerated to very high velocities. A mimiLar comparh;on of com~,)osi-

tion can be made to that of early stars, or the com:,>osition of planetary 

nebulae. When this is done, it is alsv found that the dis~ribution of elements 
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in the primary cosmic rays from the galaxy is not too different from the 

distribution in these other sources. 

A comparison of the distribution of elements in the su111 e. abrlOsphere. 

and in the galactic cosrn:i.c rays. ehows C~ome very great difference~;;, Thi:!' 

finding shows that only certain types of cosmic radiation originate in the 

sun. The background radiation of steady cosmic raya appears to originate 

in the more distant parts of our gaLaxy. rather. than in the sun. 

A very fortunate situation exists in the case of cosmic rays, in that 

we are provided by nature with a spectroscopic anal y~er in the form of the 

earth' l!l magneUc fie~ci. This magnetic field makes it impossible for ?articles 

below certain energiee to reach the top of the atmosphere at certain latitudes. 

Many inveatigations have been made in the last few years, with baLloons. 

rockets, and, at high mountain altitudes. with emulsions and various types 

of electronic detectors. These investigationo have made it possible to unfold. 

tlle original spectrum of primary cosmic rays. both in energy and in maes. 

l.c"""rom this data the following facts emerge. The integral spectrum for proton 

energies can be expressed by 

N (>E) = 0. 3 -,--,. . 
P (l +E)··~ pa:rticlea/ cm2 sec sterad; 

500 < Ep < .?.. X lt)4, 

Where E is in Mev. and the average energy is 4 X I o3 Mev per nucleon. 

This energy distribution does not represent the very top of the spect~u:m 

where there are particles with as rtJuch energy as 10 18 electron volts;. 

ParticLes other than protons exhibit similar energy distribution~,;, as 

l!lhow;.'l by Singer(
3

) in Table II, anti plotted in Figure l. It is aeen that the 

( l) 
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exponent of the total energy ( l + E) in the various integral energy rlistl"ibu­

tione is roughly conmtant for most of the different atomic apecies in the 

galactic cosmic rays. 'fhis similarity of spectrum offers some difficulty 

and provides some suggestions for explaining the original acceleration of 

the cosmic rays; it tends to favor those theories in which the cosmic rays 

are accelerated in large bundl!Ss of plasma, or in shock waves, rather than 

in the same manner as particLes in a synchrotron or cyclotron. 'fheae 

latter types of acceleration would separate out the various vaLues of e/m. 

The lower energy limit of the galactic cosmic ray apectrum seems to be 

about ! 00 Mev. Whether this ia a real lower limit or whether it is the r~sult 

of a screening of the earth from the original source by some magnetic field 

or absorption process is not known. At any rate lower energy cosmic rays 

are apparently absent in the vicinity of the earth. 

As an upper limit, one can take 1 % for the proportion of electronil in 

the prirnary cosmic rayo. This of course does not infer a lack of electric 

neutrality, since there can be a current of electrons toward the earih to 

compensate for the flux of positive primary cosmic ray particles, so !that 

the earth as a whole maintains charge neutrality. The energy carried by 

these balancing electrons is quite small. Also less than 0. l% of the initial 

energy flux above the atmosphere is due to x or gamma rays. 

Puppi( 4) gives the energy which ie delivered to the earth by primary 

galactic cosmic rays as shown in Table III and IV. In free space in the 

vicinity of the earth during timeG o£ minimum eunepot activity the energy fiu:rr 

is about i., 400 1\/iev I ern 
2 

sec atera.di.an. It is interesting to note that when the 
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cosmic rays strike the atmosphere, and are degraded by a variety of 

processes, that this 1, 400 Mev/cm2. sec steradian is not all accounted for 

when a breakdown is made of the eventual fate of the various forms of energy 

in the atmosphere. For example, as see~ in Tables Ill and IV, the energy 

balance can be lrnade in two different ways. First by the various waye that 

it is dissipated in the production of charged or neutral pious and nuclei. This 

total is 965 Mev/cm
2 

sec steradian. The energy can also be broken down in 

its ultimate destination as either being dissipated in ionization, neutd.noe, m· 

used to overcome nuclear binding forces. Of courfle some energy even"ually 

hits the earth. The total, so broken down, is also 965. However slightly 

more than 400 Mev/ cr:n 
2 

sec s.~teradian are not accounted for by thio ;:n"oce&fL 

The figures in Tables 111 and IV are quoted for times of minimum solar 

activity and therefore maximum galactic cosmic ray intensity. The eleven 

year sola.r sunspot cycle decreases the incident galactic cosmic ray interu1ity 

as the number of sunspotel increases. During a period of solar maximum 

the values are approximately one half of those quoted. At such a period of 

solar maximum, which hae just recently passed, it is found that the energy 

density of galactic cosmic rays in the vicinity of the earth is about 0.6 ev/cnt3. 

This corresponds to 8700 Mev/cm
2 

sec from a 4:11' solid angle in outer apace, 

2 
or 700 Mev/ em sec steradian. An ionization chamber calibrated \i1d.th 

radium gamma rays will give about 0. 6 mr/hr inside of a one gram/cm
2 

abeorber, or about 5000 mr I yr :i.n outer space at a period of r.ilaximu:m sunspot 

activity. 

In addition to th.i~.:~ eleven year cycle. there are much shorter Forbush 

decreases which are observed to be a::aJociated with soLar fla.ree and solar 
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magnetic disturbances. These decreasee are interpreted as being the re3ult 

of magnetic fields thrown off by the sun deflecting the galactic cosmic rays 

away from the earth. These decreases amount to aa much as 2.5 or 30 percent 

and last for a few days. 

Figure Z shows the ionization that is received at various geomagnetic 

latitudes at 10 grams/ em 
2 

depth in the atmosphere, at solar minimum, solar 

maximum, and during a Forbush type brief decrease. lt is seen that the 

cosmic ray galactic background rate which is shown here varies by a factor 

of about two between solar minimum and solar maximum, of course inversely 

as the number of sunspots. This effect is not seen at the low latitudes, 

because the magnetic field, which produces either the Forbush type decrease 

or the change between solar minimum and oolar maximum, ie not strong 

enough to eliminate the most energetic particles, thoa~ above 15 Bev, which 

can penetrate to the top of the equatorial atmosphere. These decreae:es should 

be expected to exist throughout the local solar system and are not just a 

phenomena related to the earth' a particular po!llition or magnetic field. 

Solar Cosmic Rays 

Since 1942 there have been five events in which large increases in the 

sea level counting rate of neutron monitors, situated at many locations, 

around the world have been observed. These monitors give a response which 

measures tlle flux of incident neutral particles at the earth's surface, which is 

related to the flux of incident charged particles at the top of the atmosphere. 

Since there are essentially Do incident neutrons or other neutral particles in 

the original cosmic rays, the flux measured by these instruments, called 

Simpson piles, consists entirely of secondary particles produced in the air 
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by the ireident charged primaries. It is now known that th!E!se audden large 

increases in cosmic ray counting rate are directly associated with solar 

flares. A flare is a jet of very high energy gas which is shot out by the sun, 

and can be observed visually. In every known case the increase in cosmic 

rays as measured in the vicinity of the earth has been associated with an 

observed solar flare on our side of the sun. 

A great deal has been written about solar flares since they apparently 

represent our main radiation problem in interplanetary space. In a typical 

flare the cosmic ray counting rate begins to rise within about one hour after 

the visible flare is sighted. The rise in counting rate is quite steep, reaching 

its maximum in a few minutes or hours. After the peak value is reached, the 

intensity of the cosmic rays will drop off gradually with time. The energy 

spectrum of the particles shot out by the sun has been inferred from the 

latitude effect on the increased counting rate of detectors, using the earth's 

magnetic field as a spectrometer. It is found that the energy spectrum of 

these parUcles of solar origin is considerably steeper than that observed in 

the case of the primary galactic cosmic rays. 

In Figure 3 is seen the integral rigidity spectrum for the giant flare of 

li'ebrua.ry Z3, 1956, at various times after the onset. At the bottom of the 

figure the primary proton spectrum which exietl.il at times of solar minimum is 

shown for comparison and it is seen that the flare inc:reaaed the proton flu."' 

by four or five orders of magnitude at relatively lower energies and that the 

flare spectrwn is considerably steeper than that of the galactic background 

represented by the solar minimum curve. Also included for comparison is 
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the spectrum of particles from an event of May 12, 1959. Even though the 

February 1956 flare has received a great deal of attention and has become 

the classic example of a giant flare it is interesting to see that the May l Z, 

1959 event actually had more low energy particles. Vie receive about one of 

these giant flares every four years and any long term space flight must take 

them into consideration. Also from Figure 3 it is ee¢1.1 that it is important 

to know the spectrum of such an event since shielding against five Mev 

protons is quite trivial, while shielding against 400 Mev protons and their 

neu.tron secondaries may be very expensive or prohibitive in weight. A small 

·. shift in the spectrum causes an enormous change in the shielding that is 

: 
1. necessary around any space vehicle intended for occupancy by higher animaLs. 

; It would seem to be very difficult under any circumstances to shield out the 

i prompt flux from the February 1956 flare. It is not too difficult to provide 
! 

/ sufficient material to use up the range of the ?rotons, but the secondary 

I 
/1 

/ 
/ 

I 

/ 

I 

neutrons formed in such a. shield present a problem of great seriousness. 

In the case of the February 19 56 flare the cosmic ray intensity at sea 

level increased by as much as a factor of twenty in some northern latitudes. 

Even at the equator, where the minimum primary co5mic energy that can 

effect the counting rate at sea level is 1 5 Bev per proton, due to the magnetic 

field of the earth, there was an observable rise, meaning that the spectrum 

of the flare particles extended to at least 15 Bev. The particles of one Bev 

energy above the atmosphere increased by a factor of l 000 and particles of 

a half Bcv energy increased to fluxes of 10
4 

to 10
5 

particles/cm
2 

sec for 

many hours. It is estimated that an airplane flying at 50, 000 feet in northern 

latitudes would have receive<.! a doGe of 5 to I 0 rads, 
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if it was aloft during the entire flare. For practical purposes this would 

mean only the first few hours. It should be noted in this connection that 

only the charged particle flux is being considered, and that the dose due to 

neutrons produced in the atmosphere in this particular $ituation might easily 

equal or exceed that due to charged particles. 

A distinction can be made between large solar flares that produce a 

measurable change in the cosmic ray flux on the surface of the earth and 

nonrelativistic flares which can only be detected at high altitudes or outside 

of the atmosphere. This distblction ia probably an artificial one, and merely 

represents a historical separation of the early work which was limited to 

flares detectable at the surface of the earth from those which are now easily 

detected by eatelites, space probes and balloons. These nonrelativiatic flares 

are probably the low energy part of a continuous distribution which includes 

the giant flares in ita upper energy taiL 

There have been five large events in the past eighteen years, on 

February 28 and March 7 in 1942; July 25, 1946; November 19, 1949; and 

February 2.3, 1956. Of these the largest and the most farnous is the event 

of Februa.ry.23, 1956. At the peak. of this giant solar flare the flux in outer 

space x:nay have been as high aa 10,000 particlea/cm
2 

sec. In this flare 

the flux of particles with energies greater than one Bev may have been as 

high as 1000/cm
2 

sec. Probably all the particles were protons. After 

about an hour the intensity began to decrease following a relation aucb aa 

that given by 

f =(:oy = ( +' 3/.2 = 

at one hour laLr 

. -0.6 t 
e 

tens of hours later 

( 2.) 
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where 10 and t 0 are the intensity and. time, at about one hour after the onset 

of the flare. 

Some fl.area have been known to last for hours or days indicating that 

there ie a storage mechanism involved whereby the particles can be retained 

in a. structure which might be called a magnetic bottle which swings around 

with the sun. Tbe visible flare usually does not last this Long. Some flare 

particles have been observed to swing behind the sun and return for a second 

time after a fuU solar revolution. The solar cosmic ray particles apparently 

are always contained in a Zw aolid angle or less located at the site of the 

optically visible flare on the surface of the sun. An estimate indicates that a 

few percent of the total energy contained in such a solar flare is actually put 

into charged particles which are emitted into space, some of them striking 

the earth. The integral energy spectrum of such a flare can be represented 

by 

c 
N(>E) = E6 (3) 

Since only a few giant flares are observed and only one of theae has occurred 

during the time when recent observational techniques have been available 

such as space probes. quick balloon ascents and local earth satelites, most 

of our experience with flares has been derived from the more frequently 

occurring non:relativiatic flares. 

The nonrelativistic flares are limited to particles whose energies are 

approximately in the range from 40 Mev to 500 Mev. They may achieve an 

intensity aa much as a factor of a million above the quiescent background in 

outer space. About one euch flare and accompaning cosmic ray increase is 
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occurring per month, during the present epoch of :maximum solar sunspot 

activity. Comparable experience is not available with other periods of solar 

cycle since our observational methods were not highly developed before !957. 

The flares occur in regions on ~he sun which have a complex sunspot pattern 

and in every case of increased counting rates near the earth a visible optical 

offshoot has be~Sn observed on the near side of the sun. There i!ll some 

correlation between the area on the aun where the visible flare occurs and 

the time delay before the resulting cosmic rays strike upper atmosphere. 

Generally speaking this time delay is about one hour for a class two or 

class three flare. At the sa.me time as the flare, type IV radio noise is 

observed. As a result of the magnetic field of the earth and the relatively lo·w 

energy of the particles emitted by a nonrelativistic flare, the particles are 

observed in the upper atmosphere only within about twenty or thirty degrees 

of the north magnetic pole. The integral energy spectrum of such a flare is 

given by: 

or (4) 

The differential ene1:gy ~ ectru.m !or the complete integrated energy distribu-

tion above the atmosphere for a representative nonrelativistic fla1l:'e can be 

approximated by: 

.1. I l -· l."'rotons ern sec i3te:raalan (5) 

Where E is in Mev and the distribution is normalized to the entire outburst. 

The particular flare described in Eq. 5 would have given an integrated doe.e: 

inside of a one gram/crn
2 

abfi.lorber of about ()Li rep. 
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A nonrelativistic flare is usually first detected neax· the magnetic pole, 

about thirty minutes after the optical event. The flare then spreads to lower 

? 
latitudes and after a few hour a begins to decay. The decay follows the l /t"" 

relation of Eq. 2. Many hours or days may elapse before the increased 

intensity has gone back to the galactic background level. If a magnetic stoX"m 

accompanies a relativistic flare, the particletii may be observed as far ~Jouth 

as 40° from the magnetic pole. Due to the lower energy of flare dosmic rays 

this is only possible when the earth'£~ rnagnetic field is distorted by such a 

storm. 

It is now possible to say that ~Jal·ticles observed near the earth from 

balloons and rockets and satelites appear to be the same as tho;r~e mea.aured at 

considerable distances from the earth. For example. the Pioneer V space 

p1•obe made some very nice measurements when it was s. 000, 000 kilomete:r.a 

from the earth. This data was found to be coincident in time with local 

measurements made near the earth's surface. In general, there is a magnetic 

storm one or two days after the onset of a visible flare which has nonrelativistic 

cosmic ray particles accompanying it. Measured intensities during such flares 

have varied from a few particles/em 
2 

sec to a a many as 10°/ cml sec. A few 

representative flares are listed in Table V. Dbee rates as high as a few 

thousand r/hr have been noted. even in the case of nonrelativiatic flares. 

As a result of the 1 /t2 
time dependence, the main dose is given by a flare during 

its first hour. 

Based on the simul.ta.neoue experience gained through the measurements 

of Pioneer V and local balloons, factors are now known by which balloon dose 

rate rneasurements can be multiplied in orcie:r to give dose rate valueu which 
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will be observed in free space. The particle flux and dose rate measured 

by a balloon must be multiplied respectively by factors of 65 to 82 to give 

the particle flux and dose rate expected in free space. It is seen that 

in the case of each of the flares listed at the top of Table V and also 

in the case of the background galactic cosmic rays that particle .fluxes 

of a few thousand particles/cm
2 

sec correspond to 1 rep/hr. The only 

exception to this case is the 23rd of Feb event where the flux is 200 

(prQtons or -partial~ /cm~se~)/(rep/hr). 

In this brief review of the various types of radiation met with 

in space, there should of course be some passing remark about the 

Van Allen radiation belts. These very famous regions have received a 

great deal of attention. It is clear that they will present a serious 

problem in the operation of a satelite at altitudes contained inside the 

belts. However, for a space traveler who merely wiBhes to pass through 

the altitude• encompassed by the belts the radiation problem is not 

particularly serious. According to Schaefer ( S), the pas sage through 

the Van Allen belts. in about 1 hour. even in nothing but a space pressure 

suit (0. 2 grams/ em 
2

) will give the astronaut about 5 r each 
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way. Hence the radiation belts are not such a serious problem for travele1·s to 

Mara as they are to occupants of sa.telites orbiting below 2.5, 000 kilometers. The 

dose of 5 r which would be received in passing through the two Van Allen belh iG 

cedainly not worth the trouble of avoiding the belts, e$pecially when it is realized 

that more than a space suit would always be available for protection from the Van Allen 

belt radiation. Any ordinary vehicle would probably provide fairly good protection 

for passing through the Van Allen belts. Schaefer shows that in the case of two 

different possible types of orbits traversing the Van Allen belts that the integrated 

dose accumulated in the inner belt would amount to a 'bout l or 2 r. This would 

irtcrease to about 3 to 5 r while passing through the outer belt. In view of this very 

modest dose it would seem to be unnecessary to pursue the question of Van. Allen 

radiation belts further at this time. 

Radiation Dose from Cosmic Razs from Protons to Carbon 

ln Figure 4 is seen a plot which shows dose rates in mrep/24 hrs at various 

altitudes above the earth measured. in earth radii as a function of the geomagnetic 

latitude. It is seen that the geomagnetic effect is largely wiped out at distances of 

three or four earth radii a.nd from that point out that the galactic cosmic ray back­

ground amounts to about 2.6 mrep/24 hours or 9. 5 rGp per year. I£ an RBE 

>1 is used this number would be somewhat increased• 

In view of the very high energy of the primary 

cosmic rays it would be difficult to reduce this very much. Due to the buildup factor 

in fact any practical shield would probably only increase the-·do'S'e. Since the 10 or 

rmre rep per year received from the galactic cosmic rays is tJufficiently small so 

that men could recover from it continuously and show no grosa impairment of 
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activity over a period of a few years, it ie perhaps more pertinent to closely 

examine the problema which arise in connection with the large solar flares. 

For ex~mple we may take a flare which occ-urred on the lOth of May 

1959, which has been considered in detail by Robey(.o) This was a typical class 

3+ flare. There were about ten flares of this eize in 19591. Thia was a 

reasonably active year and near the top of the solar cycle. The flare of July 

14, 1959 was larger, and both of these flares were considerably smaller than 

the famous flare of February Z3, 1956. To an -unshielded man in space near the 

earth the doses would probably have been lethal. Th.e flare was located at 19° 

north and 50° west on the sun. The optical beginning was at ll Ol UT May l 0, 

1959. The continuum type IV radio emission began at l.ll6 UT and lasted for 

4. 3 hours. The type II radio noise began at Zl 22 UT, while the cosmic noise 

absorption measured at College Park. Alaska began at 0100 UT on May 11, 

it was greater than 17 decibels and lasted for more than 30 hours. There was 

a Forbuah decrease of 15~, recorded at 0400 on May 12.. This Forbush decrease 

bega11 at 0030 UT on May 12. The flux a.t the peak of the flare was not known, 

but a balloon flight was launched tweaty nine hours after the beginning and this 

recorded 100 particles/cm
2 

sec steradian, with rigidities greater than a half 

Bev. This measurement wae made at a pressure altitude of 10 grame/cm
2

, or 

about l 00, 000 feet. The differential kinetic energy spectrum was 

N(E)d.E = KE-
4

• 8 dE 

ll 0 Mev < E < 220 Mev. 

a.nd the integral rigidity spectrum was 

{ 8 2 
N(>R) = 0. 75/R

0
' protons/em sec steradian 

(6) 

(7) 
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where R is expressed in Bev. There is no quantitative data for that part of the 

spectrum below 110 Bev. However, it will be assumed, for the purposes of 

this calculation, that the distribution given in Eq. 6 holds down to 23 Mev. 

This assumption is based on the experience gained with other flares by 

Van Allen, Rothwell, and others at Iowa State. 

The integral of Eq. 6 from 2.3 Mev up to infinity gives 3 X 10 
4 

protons/ em 2. sec steradian. If we had started the integration at 30 Mev 

the answer would have been 1. 3 X 1 0 
4 

protons/ em Z sec steradian, so the 

difference is not very great. If the spectrum is cut off at the top end at about 

400 Mev, which is twice the measured maximum particle energy, then the 

2 
total integrated flux would be 0. 75 protons/em sec steradian. The flux of 

z 
approximately one proton/ em sec steradian is assumed to exist at about one 

astronomical unit from the eu.n for several hours following the flare in the 

region above the Van Allen trapped particle zones around the earth. This flux 

is ta.ken to be omni-directional. It is a.e~ed that the average energy loss by 

the flare particles in striking an object is about 6 Mev I gram of target which is 

a value that ie probably reasonable in view of the energy spectrum. Then for 

one proton/cmz sec steradian the dose will be 4? rep/hr. An unshielded cubic 

cea.timeter of tissue would. using an RBE of Z. receive 94 rem, 

, At the time of the flux measurements, 30 hours affter 

onset, this flare was found to be decaying exponentially, with a time constant 

of 0. 58/hou.r. The accuraulated dose from 30 hours to infinity would therefore 

be 160 rem. Then a.aeuming that the dose rate of 47 rep /hr was constant 

~-0. SSt 
for the thirty hours before the flux was measured, and then decayed as E 
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we get 30 X 47· · + 80· · ~ l~Q.Q · rep.. If, on the other hand, it is assumed 

that the flare started at a mu.ch higher level than the measured 30 hour level, 

which h certainly reasonable, and the decay was by the same exponential law-

which ie somewhat different from the experience gained in previo\ls flares--

then the total dose to an unshielded man from this flare would have been much 

greater than 15.00 re•p •. 

Making a rough calculation a.bou.t the shielding, we will assume that 

carbon is used ae a shield. Carbon is attractive from several points of view. 

It is relatively inexpensive, a very poor source of secondary neutrons, 

reasonably light in weight, and a good neutron moderator. The important point 

to remember is that a low Z material that does not easily emit neutrons is 

desirable. The radiation doee from neutrons plus protons for a spherical 

carbon shield, of varying thickness from 0 to 2.0 centir.neters, is shown in 

Figure 5. It ia seen that the dose can be brought down by a 20 centimeter 

carbon shield to fairly acceptable values of about 1 S r. If such a flare occurs 

once a month, there is a very serious question whether 15 r is sufficie11tly 

low. To reduce the dose much further very extensive shielding is necessary, 

since the secondary neutrons with their very long attenuation lengths are the 

controlling factor after the shield reaches about ZO centimeters in thickness. 

The mass of such a shield with a 90 centimeter inside radius would be 14, 000 

poD.nds, and the net dose would be 14 rem, 6 rem from protons and 8 rem from 

neutrons. It is seen that, even from such a modest flare, the shielding require-
.. 

menta are quite severe and only one cramped crew member could be protected, 

A Large Flare 

Early rough calculations based on the classical flare of February 1956 
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indicated that inside of l gram/ em 
2 

of shielding the dose integrated over the 

entire flare would be about 600, 000 rads. If one usee! a shield of carbon 180 

centimeters thick in all directions. the dose inside from such a flare due to 

charged particles would be about 10 rads. There would be an additional doae 

due to secondary neutrons produced in the shield of about 30 rads. If one uses 

an RBE of 10 this is a very dismal situation. Mox-e recently Winckler(l) has 

estimated the maximum dose rate from this flare as 50-60 r/hr in space. 

Thus a dose for the whole flare of about 600 . is more likely. 

This V!O uld make the shielding more like that described in Figure 5. It is 

fortunate that flares apparently have rise times measured in minutes, thus 

allowing the crew to move into a shielded cabin area after the onset of the flare 

before they receive any significant radiation dose. 

Thus the radiation problem associated with solar flares is apparently 

the most serious question about the ultimate possibility of men flying to the 

moon or near members of tle solar system. If one takes a pessimistic viewpoint, 

then one would estimate that approximately once a month, during periods of 

~olar maximum activity, doses of several tene of rads might be encountered~ 

To provide shielding in such a. situation might involve too much of a 

weight penalty. This probelm ie sufficiently critical so that intensive study of. 

solar flare activity will be necessary. Most of our knowledge stems from a 

period of solar sunspot maximum and it would be very interesting to see with 

what frequency the so called nonrelativistic flares occur in periods of minimum 

solar activity. It ie known that the very largest flares which can be detected at 

sea level can occur even in periods of minimum oolar activity. 

If nonrelativiatic flares also occur with appro:ttimately their preeentty 
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observed frequency then the radiation problem ie going to present severe 

limitations. If dose attenuations of 10 to 1000 are required, ae seems to be 

indicated by several flares that have been observed so far, the shielding 

requirements will certainly be severe. It i:s conceivable of course that a 

space v~ehicle could be designed in such a way that the biological shielding 

could be provided by material which also has other functiona such aa the fuel 

reserve intended for the final retardation upon nearing the earth after the 

return trip. Other alleviations of the problem might be achieved, such as 

continuous treatment for radiation sickness and other prophylactic measures. 

One of the most important questions to be answered aside from acquiring 

more data on the size distribution of solar flares occurring during various 

periods of the solar cycle is the biological question of just what maximum 

dose rates can be tolerated relative to the possible benefits of interplanetary 

or lunar flight. In the case of interplanetary flights. times of more than a 

year are usually indicated, and frequently as much as three years will be 

necessary. Therefore we must think seriously of the accumulated radiation 

dose which we can tolerate over such a period and still maintain the efficiency 

of the crew. It is claimed that a dose rate of 10 rem/ day for a year will cause 

a few deaths, while a dose rate of 3 rem/ day over a similar period will 

probably cause no deaths, and no noticeable drop in operating efficiency. If 

this is true, it would mean that approximately !000 rem/yr can be tolerated, 

in which case the problem perhaps can be solved by a combination of a. short 

trip, some shielding, prophylactic measures with regard to radiation sickness. 

and traveling at a period of minimum aolar activity. 



It certainly is clear, however, that any attempt to stay within the 

present pro rata occupational five rems per year over a period of many years 

or even 12 rems /yr, the present maximum occupational dose rate, is completely 

out of the question. It would appear to be quite unrealistic to try to limit crew 

members to the present occupational exposure level which has been selected to 

produce no observable biological effects over a lifetime of work, when at the 

same time we allow test pilots to lose twelve years of their life expectancy 

merely by their occupation. On the other hand it would seem to be important 

not to allow more than approximately 50 rems in a short period of time, in 

order to avoid difficulties with radiation sickness, which set in at levels above 

100 rem. To exceed 100 rem in a few days would seriously impair the 

efficiency of the crew. 

It has been suggested by several that solar flare radiation is perhaps 

radially directed from the sun and that a shadow or umbrella shield would be 

possi'Dle. This seems to be unreasonable, in view of the long storage times 

known to be associated with this type of radiation, which would tend to indicate 

that the flare protons are more or less isotropic, and that the earth should be 

considered to be enveloped in a large cone extending from the sun. Within ..... ..... -.. '· 

this cone the radiation approaches from all directions. Also it is impractical 

to try to avoid flare radiation by advance warning methods. Even though it is true 

that the optical onset of the flare can be observed before the radiation arrives, 

and longer prediction based on the character of the associated sun spot patterns 

has met with some success, the lead time secul"'llYa is so short as to not leave 

time for evasive action on long missions. 



Table I 

Abundance in Universe Due to H. Brown(l) 

z Element Atoms/ 105 H 
Relative Abundance 

in Cosmic Rays -
l Hydrogen 100,000 100.000 

z Helium 7, 700 15, 500 

3-5 Li Be B ,.... 0. I 2~0-----· 

6 Carbon 2.31 260 ,) 
1 l ' 

7 Nitrogen 46( -zoo 
i 

? ,! .... 1200 

8 Oxygen 63) Z60j.-----

.10 Neon 2. 6 - 70 

:~J 12 ..... Magnesium 2.5 

14 Silicon 2.9 30 

26 Iron 5 30) 
z ~ .10 .''30 400 

Z :::£ 30 not listed ~. 7 10.0 

'· 30<Zs9Z ..... o. I <10 
--

,,,)q OD 



Table 11 

z Range of validity Integral spectrum in Limits of 
Et = Gev I nucleon particles/ cm2 sec Exponent 

steraclian 

2 < Et < 2.0 0.4 4-1.15 1.05- 1. 25 

2 l.5<Et<8 0. 046 Et - 1. 6 1.3 - 1. 7 

3, 4, 5 -so~ 6£ CNOF flux 

6, 7, s. 9 .3 < Et < 8. 0. OOZ4 Et ·l. 6 
1.45-1.75 

>10 3 < Et < 8 0.0016 Et-Z.O 1.85-Z.ZS 



Table Ill 

Energy Ex-pended .in Particle Production by 

Cosmic Rays in the Atmosphere 

Energy dissipated through . ., 
production of charged. pions 409 Mev/cm 

(.. 

sec 

Energy dissipated through 256 II 

production of neutral pions 

Energy d.isaipated by the 
nucleonic component 300 " 

Total 965 II 

uteraci 

~ 



Tabla IV 

Ultimate Destination for Cosmic Ray Energy in the 

Atlno!:iphere ar1d Earth 

Energy which goes in 
ionization 

Energy which goes in. 
neutrinos 

Energy set against the 
binding of nuclei 

Resid-i.lal energy at sea level 

Total 

615 :Mev/ em?. sec sterad 

232 II 

80 n 

38 " 

965 II 



TABLE V (Revised) 

Examples of Galactic and Solar Cosmic Rays 
as Measured with Balloons and Space Probe 

Type of Time Particle Dosage Particles/em sec 
Experiment Date UT Flux Rate Type of Radiation r/hr 

Free Space 11-23 4. 6/cm 
2, 

0. 0006 r/hr Protons, a.-particles, etc. 7670 - sec 
(Pioneer V) ~.,1arch 1960 108 - 1()17 ev 

Free Space l April 12.00 33/cm 
2 

0. 026 r/hr Protons 40 - SOO Mev 1270 sec 
(Pioneer V) excess 

Balloon l April 1200 0. 4/cm 
2 

0. 0004 r/hr Protons 90 - 500 }"'lev 1000 sec 
excesl!l 

Balloon 2/cm 
2 

0. 0004 r/hr Galactic C. R. 5000 - - sec 

Balloon 15 July 1959 1100 215/cm 
2 

0. 140 r/hr Protons 90 - 500 Mev 1540 sec 

P. • Pioneer V 1 April 1200 82 X 65 X Protons ~at10B 11 a oon 

4 2 
9. 1 r/hr Free Space 15 July 1100 l. 76 X 10 /em sec ProtonS~ 40 - 500 Mev 1940 

(Inferred) 

Free Space 14 July 0600 1. 5 X 107/cm 
2 

7.6Xl0
3

r/hr P:~rotona 40 - 500 Mev 1970 sec 
(lnferl'ed) 

23 Feb 1956 
5 2 

50-60 r/hr Free Space - H~ /em sec zoo 
(Inferred) 



Figure 1. 

The integral energy spectrum of primary cosmic rays is shown as 

a function of the kinetic energy per nu,..::leon. The figure shows the primary 

spectrum separted into four constituents: nucleons as a whole. protons, 

helium, car bon, nitrogen, and oxygen, and z 2:::. l 0. The magnetic cutoffs 

for 30, 41, and 55 degrees magnetic latitude are ehown. It should be noted 

that the cutoff at the equator for protons ie 15 Bev. 
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!>~igure Z. 

The ionization produced at a depth of 10 grams/ em 
2 

in the 

atmosphere as a function of the geomagnetic Latitude for a period 

during sunspot maximum. minimum, and during a magnetic storm 

which produces a Forbush decrease. There is about a :factor of two change 

with the suna:;>ot cycle at latitudes above 50°. 
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Figure 3. 

The integral magnetic rigidity spectrum for flare protons and 

quiescent primary cosmic rays. The variations with time in a single 

flare or between flares are very large and have a big effect on the dose. 

The flare spectra are steeper a.nd several orders of magnitude above 

the background for energies leas than about 400 Mev. 
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Figure 4. 

Dose rates in mrep/2.4 hours for charged cosmic raya and for 

secondary neutrons escaping from the atmosphere. The charged particle 

curves are from Nelson(
7

) and the neutron curves are from the methods 

outlined in Hees, et al. (9) and a private communication. Note that an 

RBE of ten has not been applied to this data and also that the neutron 

curves have been shifted up one cycle for compactness. The neutron 

dose is not important. 
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Figure S. 

The wall thickness of carbon necessary to reduce the radiation 

inside to varioua rem do eelS for the solar flare of May 10, 1959, as 

calculated by Robey(.il) It ie very difficult to eliminate the secondary 

neutrons produced in a thick shield which accounts for the apparent 

asymptote at about 2.0 rem. 



TOTAL RADIATION DOSE VERSUS 
~ I I WALL THICKNESS INSIDE SPHERICAL (.) 

CARBON SHIELD FOR SOLAR 

~ 20~ \ FLARE OF MAY 10, 1959 
w 
z 
~ 
(.) 

::r: 
r-
0 
__j 
w 
::r: 10 (/) 

z I '" ' '( 

0 
CD 

• 0.:: 
<l: 
u 

0~--------~----------~--------~--------~--------~ 
0 100 200 300 400 500 

RADIATION DOSE - REM 

'\ (. 
i' 

~·-/?ti..c ~ 



! 
~ 

REFERENCES 

1. Harrison Brown, "A Table of Relative Abundance of Nuclear Species," 

Revs. Modern Phys. ~, 625 ( 1949). 

2. J. R. Winckler, Primary Cosmic Rays, talk presented at the Radiation 

Research Society Symposium on Radiation in Space, May 10, 1960. 

3. S. Fred Singer, "The Primary Cosmic Radiation and Its Time Variations," 

Progress in Elementary Particle and Cosmic Ray Physk:s !• 282 (1958). 

4. G. Puppi, "The Energy Balance of Cosmic Radiation," Progress in 

Cosmic Ray Physics~· 385 (1956). 

5. Hermann J. Schaefer, "Radiation Dosage in Flight Through the Van Allen 

Belt," Aerospace Medicine 30, 631 (1959). 

6. Donald H. Robey, "Radiation Shield Requirements for the Solar Flare 

of May 10, 1959, "Convair Astronautics Report AE60-0177, February 18, 1960. 

7. Seymour T. Nelson, "A Brief Survey of Cosmic Ray Data with Regard to 

Space Vehicle Protection," Army Ballistic Missile Agency Report .DV-TR-2-59, 

April 15, 1959. 

8. B. Peters, "The Nature of Primary Cosmic Radiation,," Progress in Cosmic 

Ray Physics_!, 223 (1952). 

9. W. Hess, "Cosmic Ray Neutron Demography," UCR L-5899, March 1, 1960. 




