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ABSTRACT 

In the evahlation of the hazard from a given radiation environ-

ment, various factors other thap the absorbed dose play an important 

role in determining the biological response. One of these is the quality 

• of the radiation, that is, the dE/dx of the particles depositing the dose. 

It is convenient, especially when dealing with charged particles heavier 

than electrons, to dis play the dose at a point as a function of dEl dx. 

This function is called an energy"'loss ordE/dx distribution. Such a 

representation allows an evaluation of the importance of the various . . 
j' 

dE/dx components that comprise the dose •. In particular; the high 

dE/dx components are of interest because it has been shown that, in 

general, high dE/dx radiation is more effective~-that is, has a higher 

RBE (Relative Biological Effe-ctiveness) in producing biological damage 

than low dE/dx radiation. Examples are given of dE/dx distributions' 

due to two typical solar-particle events in free space with different 

. spectral.shapes and urlder different shielding thicknesses •. The case of 

a steep spectrum under thick shielding shows the proton component 

dominating, while the case ofa flatte:r spectrum under thin shielding 

shows the he:liurri-ioncomponent to be slightly more. important than the. . ". . 

proton component. 
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A potentially fi"uit{Hl way oiquantifyin,g the biological 'effects 0'£ 

a given environment is by using th~ inactivation cross sectioli~ This 

experimentally determInable qua~tity is eq\ial to the pro~ability per unit 

flux oLa cell being inactivated, and is analogous; in this sense I to a 

nuclear scattering or intel'action cross section. It appears to be a 
. . ( 

,function of dE/dx, but does not de,pend on the type of heavy particle 

producing the dE/dx. Unfortunatdy. few mammalian inactivation cross 

.sections have beel'!. exp~rimcntally determined to date. Todd has measured 

the inhibition of the proliferative capacity of human kidney cells in vitro 

and has shown that the resulting dama,ge may be interpreted as beihg 

caused by two distinct·dama.ge meChanisms --an irreversible single-hit 
, . . 

mechanism dominating at high dE/dxj and a reversible multi-hit 
. . 

mechanism dominating at low ,dE/dx; ·As ari illustration. the cross 

sections from these experiments have been used to ca.lculate the num

bers of inactivation hits/cell for two sample radiation environments in

volving protons j helium ions, and :heavier components: the galactic 

cosmic radiation in free space under 0.2 g/c.rri
2 

water shielding and a 

large solar-particle event il1 free space •. Presented in terms of the 

ratio of inactivation hits/cell of the heavy components to that of the 

protons, the results show: (1) For the galactic cosmic radiatiori, the 

very heavy c6mponents{Fe-Ni ions) cause orie and a half times as much 
. . 

damage as Pl'otOris under 0.2 g/cm
Z 

shlelding. (2) For the solar·paiticle, 

event, the helium-ion contribution is slightly ,less than the proton con-

tribution. but is the same order of magnitude and remains sO even at 

.. large shielding thicknesses. The heavier::component contribution is 
. . 

down by an order of magnitude from that of the helium ions, and drops 
"' ", 

off m~th more steeply with inc reasing shielding thicknes s. 

f' 
.~ 

, 
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The fractional number of cells inactivated or fractionZtl cell 

lethality (FCL) can be calculzlted if the numbers o[ lethal hits/cell are 

known from both the reversible and irreversible damage mechanisms. 

It turns out thZtt irreversible dam.age dorninates for the solar events 

chosen [or illustration. FCL values were calculated for two points 

inside the body at the waist of a seated astronaut for several large 

solar-particle events of the last solar cycle, taking into account the 

body self-shielding. The -:results show that up to 7% of the cells would 

have been inactivated 4 cm inside the body at the waist behind i g/cm
2 

of vehicular shielding in the largest event. 

Such calc'ulationsas this may help in the future for the evaluation 

of the hazard from mixed-hea.vy-particle radiation environments when 

inactivation cross sections or other suitable "malfunction" cross sections 

are available for more critical and perh?-ps irreplaceable cells in the 

body and when accumulated damage over a long period, such as for ex-

tended spa'ce "flight, is of importance . 
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INTRODUCTION 

The problem of 'evaluating the hazard from a given radiation en-

vironment can be very complex. In the first place, the differing inter

actions of the various types of radiation make the analysis difficult.' 

Secondly, the shielding of the human body itself provides an added com-

plication in the determination of the particle flux to reach a point deep 

within the body. Finally, the ultimate biological effect depends not only 

on the amount of energy deposited by the particles per unit volume (i. e. , 

the absorbed dos e) ~ut also on such quantities as the dose rate and the 

ionizing power (dE/dx) of the particles. We consider here only one 

aspect of the problem: the dependence of the biological effect on th~ 

dEl dx of the, particles depositing the dose. All material presented in 

this paper except that on the galactic cosmic rays has been published 

elsewhere. 1, 2 

34 ' 
It has been clearly demonstrated' that the relative biological 

effectiveness (RBE) of radiation from charged particles, in mammaliaI1; 

systems depends on the.rate of energy loss of the particles, that is. ori 

their dE/dx. Other parameters (such,as the amount of energy deposited 

in a finite sensitive volume) may ultimately be used to describe the quality 

of the radiation from the biological standpoint; Sbut until more is known 

about the effects of microscopic distributions of energy in specific bio-

logical systems of interest, it appears reasonable to continue to use 

dE/dx as a rough approximation in all systems. 
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C';" '. ENERGy-LOSS DISTRIBUT~ONS 
,,.', ", "\' ," . 

It,is'·c0rlvenient,. therefore',to expr'ess the absorbeddos'eat a 

':point: i~ te.rms' oian energy-loss distribution or .spectrum. We define 

,this fun~tioninthefollowing way." First. we recall the expr'ession for 

'. the. differe'ntialdose element: 

! . '., :(1) 

',.', 

where ~J/dE"is the differential energy spectrum; i.e., the number of. 

"'. : 

. . ' " . ,', .. 
particles per unit area with energies betweenE' and(E' + dE') at the 

. point o£.dosecomputation. and E:' = dEI/dx is the rate ofenergy loss 

ofa particle with energy EI.'· 

The integral of the above expression is the absorbed dose at the 
. , / 

point: 

'dose 

, .' :.', .00' . -1·dJ . (in rads) =·1.6X10 .' ", -- c;:, 
< , ' .•... dE' .. , .... . 0 " . 

dE.! 

. . , 

" . ), '. 2 ..... . 
where:;dJ/dE'\ i~,expres~ed in number 6£particles per cm :"MeV, . 

. " . '. "~.".. 2 ,..... .' '.' 
E:'is in MeV cm /g,and EI is in MeV. We assume here that the 

. : . . , . . . . 

energy'being lost is absorbed "locallyttal1;d so we restrict ourselves' to 

incident charged particles heavier than electrons. In addition, we are' 
. '.' . 

'neglecti~g in .this first approximation the fact ~ha:.t, in some cases, high-' 

energy secondary electrons or delta rays can deposit energy-some 'dis'

tance from the track core. 

We now define a function called the energy loss or dE/dx distri-

'. bution function, . F(E' ), suchthat 

F(c' ) d(log £' ) = dD..· .' .' (2) 

.. 
, ' 

."/ -
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We use thediHerential of the logarithm in the definition simply for con-

venience , since we shall see that it is convenient to plot the distribution 

"as a linear function of the log of ~'., 

Equating (1) and (2.) and solving for F(C'), we obtain 

'F(C') = 2..303(dJ/dE') c,2./{dC:.' /dE') (3) 

for the energy-loss distribution function. It is seen from Eq. (3) tha.t 

F(C' )divetges whenever d<:;' IdE' vanishes, i. e. at the maximum and 

minimum of the dE/dx ~s E curve. These divergences 'show up in 

the distributions as "spikes". 

From the definition of F(~'). in units of MeV/g, we have 

. dose (in ,rads) = i.6X 10 -8 1~ F(' )d(log (' ) (4) 

If F(C:.') is plotted graphically as a function of E:' on a logarithmic 

, sca~e, equal distances along the abscis sas have equal weights i and the' 
. ----......... . .' , 

,importance o£different dE/dx contributions can readily be evaluated. 

The spikes or points of divergence give no' trouble in the dose integral, 

because the areas under them contribute a small part of the total dose 

in a typical exposure situation~ 

. , 

··,.i· 

~! . 
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ENERGY:'LOSS DISTRIBUTION FROM AS()LAR-PARTICLEEVENT . . " . " . 
", .: 

~ .. 

: ",' 
",., ",The'proton" helium~,and heavier:-io~fluxescompri~ing a soiar>'''' ':':1 > 

parti'cle eve'~~'pro~ide a goo~example of asituatiori~hereen~rgy-loss 
dist~ibutions are heipful in indicexting the relative importance of various ' " 

J, " • ", •••• .' .' • ..' _,' ••• 

dE/dx .• conttibutions. Figure 1.. showsenergy-lo~sdistributionsre,. 
. ' " , . ,'... ..'. . 

, sulting from two different eriergy ~pectra behind two diHerent,shielding 

. ~ 'thicknesses. ,Figure l.agives the cas~for thicks~ieldi~g: 5g/~m 2 
'. ". 

water equivalent and a rather steep pardcle spectrum. ,Figure l.bgives " 

. the.case for thinner shielding, 1. g/cm
2 

water equivalent, and a flatter 

spectraLshape.' It' was as'sumedthat the in,tegral particle spectra were 

" exponential in rigidity with the for:ffi ", ' 

; '~.' ' . .' . 

" ' 

..... ,":. 

'" 

i,' 

'where P is the rigidity or ,momentum per unit charge, J. (~P) is the, 
J , 2 

number of particles per cm, of the jth particle type with rigidity equal 
~~ . . ,. ' . . 

to or greater than P, and J
Oj 

and P
Oj

' ~re'c(;mstants for a given event'.' 

In Fig. ta, we have POp = POa = POM = 80 MV, which exemplifies a 

rCl..ther steep spectr~IU' andin Fig~~etb, PO~ = POa :h POM = 180 MV~ 
which exemplifies a flatter spectrum. Here, p, a, and, M respectively 

stand for protons, 'helium ions, and ions of charge Z between 6 and 9., 

called' Mpa.rticles. Inthese calculations. the latter, were ,assumed to 

have Z = 8., The J 0 values for protons and helium-ions were 

',: assumed to be sixty times that for the M particles. All these assump-,' 

., •.... 

, .' .' ." 

'tions are reasonable from the limited data available on the spectra and 

composition of the larger solar-particle events that occurred in cycle 

19,,6,7,8 In the figure, the areas under the curves have been normalized 

:.(' 

~ ..' f" 

. ',' 

.. 

" 
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'to unity by dividing by the dose. 

The difference in relative contribution to the energy-loss distri-

,butions of the proton and helium-ion components arises about equally 

from the change in spectral shape and the change in shielding thicknes s. 

This example illustrates t~e relative importance of high- and low-dE/dx 

particles in contributing to the dose under differing environmental con-

ditions for two typical large solar-particle events. 

BIOLOGICAL CONSIDERATIONS 

In the evaluation of a hazard from a specific radiation environment, 

the radiosensitivity of the biological organism involved must be considered. 

As indicated above, one parameter upon which this sensitivity depends is 

the dE/dx of the particles depositing the energy. The International 

Commission on Radiological Protection has quantified this concepti the 

, value of this quantity is called the quality factor (OF). 9 In addition,the 

. following de~endence of QF on dE/dx has been suggested: 

.. ' . - 2. 
QF(E) = 0.8 + i.6X10 E: 

for OF < 2.0.0 and E: in MeV cm2. /g. The biologically important dose 

or dose equivalent in rem may be calculated as 
00 

dose 
-8 r 

equivalent = i.6X10 J-oo F(€I) 

Here the QF acts as a weighting factor that gives more weight to the 

higher dE/dx portion of the distribution. 

The conc~pt of OF, however, is artificial in the sense that its 

dependence on E: has simply been agreed upon as an upper-limit extrap-

olation to'low dose rates and low doses of RBEI s from radiobiological 

data. It would be of interest to use a more physica:lly meaningful quantity 
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whose dependellceon dE/d~ is' perhaps similar but who~einteq:>re-
.~ . 

tation'is that of the' E<?.bability ofa biologically significant interaction' 

taking place." Such a quantity shoul~ be-i'ndependent of dose rate, total.' 
, ( 

dose~and all other physical characteristics of the radiation environment, .-
, , " "" '" . 

.', ',':. 

..:.; 

and should have f1.lnctional dependence only on the dE/dx' of the'radiation/, 

This quantity could, of course, depend on biologically importantparameter~', 

", e. g., on the availability of oxygen. '_ 

INACTIVATION CROSS SECTIONS 

The inactivation crosS section measured by Toddi's an example 
, . 

. dO 11 
of such a quantity. ' In experiments with human kidney cells, Todd 

~ . 
has measured the inactivation cross-sections for inhibition of the cell's. 

. ." . -.' 

-- prOliferative' capacity in vitro ~s a function of dE/d~ with various heavy, 

ions at the HILAG of the Lawrence Radiation Laboratory .. Evidence has 

been found for two types of radiation damage exi~ting in the. kidney cells 

, \ studied. One type is irreparable; the other is reparable. Dependence· 

.t ;,< .• 

'I • 

of the inactivation cross section ohdE/dx is diffel'ent f~rthe two types 

of damag~~ __ These cross sections are analogous to nuclear-scattering 

cross sections in that they aTe the probability per unit flux of the pro-

-. life~ative capacity of the cell being destroyed.- The experimental cros s 
, . -'11 

sections are shown asa function of dE/dx in Fig. 2. -. The cross 

section due to irreparable damage is labeled (f l' and that due to re---- . 

parable damage is labeled (J 2' Although both cross' sections and 

therefore inactivation probabilities rise with increasing dE/dx, it 

should be noted that the reparable cross section dominates at low 

dE/dx, and the irreparable cross sectionat high ·dE/dx. This is con--
. t· 

';' 'sistent with the experime,ntal fact that highdE/dx ,radiation in _ge~~C~al 

.... ; .. ' 
.1'" 

( 
~ , , 

.... ;i' 

'. 

I 
, ! 
I 
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produces more irreparable damage, while the damage caused by low 

d~/dx radiation is more readily reparable. 

INACTIVATION HITS PER SITE 

By using inactivation cross sections and the dE/dx distribution 

as described above, the number of lethal or inactivating hits per site, 

can be calculated. The expres sion for the number of s~ch hits, J(x), at 

a depth x is 

J(x) = { 
o 

dJ 
0' (E' ) dE I 

dEl 
(5) 

where dJ/dE ' is the differential energy spectrum at a depth x, an,d 

O'(E') is ,the inactivation cross section. This may be rewritten in terms 

of the energy-loss spectrum· F(E') of Eq. (3) as 

~ , 

J(x) = i F(E: ' ) .sU~ d (log (I) 
EI 

-00 

(6) 

, , 
The integranCl of Eq. (6) is just the dose integrand of Eq. (4) multiplied 

I I I by a factor 0' (E ) ( • This factor is analogous to a QF or REE, but 

is independent of dose and dose rate', and depends only on the probability 

for inactivation, and on the dEl dx of the particle involved. 
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GALACTIC COSMIC-RAY HAZARD TO THE SKlN 

As another example in the use of these concepts, the en:::r~y loss 
.., 

distJ.:ibution for the galactic cosmic radiation under 0.2 gm/t:m "'of water-
----- -. I . 

equivalent shielding' is shown in Fig. 3. Only the most. important con-

tributions are shown here. When more than one nuclear species is 

present under a single designation, such as the M-particle group 

(6 ~ Z ~ 9), a representative· Z and A have been chosen for that group. 

1.2-1.6 . . 
Recent experimental data have been used and were extrapolated to 

lower energies where necessary. Above the distribution on the graph, 

the quantity 0'1( 1)/ (I is plotted on an arbitrary scale. This indicates 

the weighting factor chosen in the computation of lethal or inactivation " 

hits/site. The magnitudes of the lethal hits per site in this example are 

not meaningful, since the cross sections used were those measured for 

kidney cells in vitro. Unfortunately, inactivation cross sections for cells 

of the skin are not available at present. These would be more appropriate 

in a situation in space, for instance, where an astronaut in a space suit 

was engaging in extra-v'ehicular activity. Even in this situation, there 

would be shielding present-his own body and the nearby spacecraft-which 

would modify the result by dec reasing the contributions from the high 

dEl dx particles, since they would not be able to penetrate the nearby 

material without fragmenting and producing secondary particles. How

ever, the ratios, of the values of lethal hits per site by a heavy component 

to that by protons gives us a feeling for the relative importance of the 

various components in causing skin damage. All that is required for 

the validity of this analysis is that the ~ of the inactivation cross 

section for skin cells be similar to that for kidney cells. Inactivation 

• 

• 

.. 
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cross sections have been found to have similar shapes in many different 

~inds of biological test objects even as far removed from human cells 

as haploid yeast cells and T1. bacteriophage.
11 

Table I presents the 

ratios of irreparable lethal hits (i. e. from the (] 1. damage mechanism) 

of the various heavy components compared to those of protons. Only (] 1 

damage was assumed, since (] 2 damage is reparable and presumably 

will be repaired at the low doses involved. It is seen that all components 

make roughly equal contributions, with the iron-nickel ion group making 

the largest contribution at these small depths. Deeper within the body, 

secondary production becomes important, and the calculation is not as 

straightforward. In principle, however, the calculation can be made. for 

any position where the differential energy spectra of the various particles 

are known or can be calculated and the probability or cross section for a 

specific kind of biological damage or functional degradation is known as 

a function of dEl dx. 

THE FRACTIONAL CELL LETHALITY CONCEPT 

We now define the fracti?nal cell lethality (FCL) as the fractional 
." I 

number of cells or sites killed or inactivated by the radiation. 17 1£ we 

define cj>(x) as the probability that at a depth, x, a site is still active, or 

in other words the fractional number of sites still active, then the change 

in <j> in a time dt will be given by 

-dcj> = J(x, t) cj>(x) dt, 

where J(x, t) is the number of inactivation hits per unit time at depth x • 

Integrating we obtain the familiar exponential dependence 

cj>(x) = exp [ -J(x) J, 
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where J(x) is the time-integrated number of inactivation hits per site 

'from Eq. (5) or (6). 

For a single-hit; damage mechanism, the FCL 1S simply 

FCL(x) = 1 - <I>(x) = 1-exp[ -'J(x)] • 

For a' combination of a single and a multi-hit mechanism as proposed 

by Todd, the expression becomes 

FCL(x) = 1-exp[-J (x)] [1 - [1-exp(-J [x]) ]n}" 
at L . - a z 

where J (x) = Z J. (x) for the single -hit mechanism. and J (x) is 
at j J a Z 

similarly defined for the multi-hit mechanism. The summation is over 

the different types of particles present in the spectrum. The exponent, 

n, may, be interpreted as the number of hits neces sary to inactivate the 

site by the multi -hit mechanism. Its value is not important at low doses, 

s-ince damage from the multi-hit mechanism is negligible. 

FRACTIONAL CELL LETHALITY FROM SOLAR-PARTICLE EVENTS 

As a final example, we calculate the FCL to an astronaut's 
" . 

kidney from several of the large events that occurred in solar cycle 19. 

The physical parameters for the .various events are given in Table II 

ana. come from the work of Webber. 18 The contributions to the lethal 

hits per site from the heavier components relative to that from the. protons 

are shown in Fig. 4 as a function of equivalent water shielding for the 12 •. 

November 1960 event. Also shown are the relative rad doses from each 

component for comparison. It is seen that the proton contribution 

dominates the He-ion contribution, although both are of the same order 

of magnitude and remain so, even at larger shielding thicknesses. The 
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M particle contribution is down by an order of magnitude from the He-ion 

contribution and drops off more steeply with increasing thickness. 

Calculations of· FCL have been made at two points within the 

body of a seated astronaut for the three solar-particle events given in . 

Table II. These calculations included the self-shielding provi~ed by the 

body. In this case, we write the number of lethal hits per site at a body 
--- 2 

point and behind X g/ cm of vehicular shielding for the jth particle type 

as 

J.(X, body point) = :s f (x.) J.(X + x.) , 
J . i 1 J 1 

where {(xi) is the fractional solid angle seen from the body point through 

a body thickness, xi' These factors, which weight the J j according to 

the distribution of body shielding around the point, have been calculated 

for various points within a seated 75-percentile man. 19 The two points 

chosen here were 4 and 6 cm into the body at the waist (right side, 

25 cm up from the seat .level, on the mid-sagittal.line). The results are 

shown in Fig. 5. It is seen that up to 70/0 of the kidney cells 4 cm inside 

the waist would have been inactivated in the 12 November 1960 event under 

1 g/ cm
2 

vehicular shielding. 

This calculation is just an example of how available cross-

section data might be used to determine the biological damage and thus 

to evaluate the radiation hazard. Certainly, other cells are more 

critical to the body than kidney cells. It is hoped that inactivation eros s 

sections or perhaps some other measurable quantity such as a malfunction 

cross section will be lueasured in the future for other more critical and 

perhaps less easily replaceable body cells. In additiOn, a way, must be 
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found to relate the calculated FCL .to the functiOnal degradation of the 

oygan being considered. When such data become available, the problem 

of relating biological effects and functional degradation to particle energy 

can be more easily handled. It is felt that the FCL concept will be of (,', 

some help in providing a quantitative measure of the hazard in situations 

where highly ionizing radiation and, therefore., irreparable processes 

play an important role. 

{. ; 

-, 
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Table I. Ratio of lethal hits by heavy particles to lethal hits by protons 
in the galactic cosmic radiation under 0.2. g/ cm2. water shielding • 

Particle Z Ratio ---
protons 1 1.00 

He "ions 2. 0.72. 

M ions 6 to 9 0.78 

LH ions 10 to 14 0.89 . 
Fe,:-Ni ions 2.6 to 2.8 1.5 

... 
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Table II. 

Date 

7/14/59 

11/12/60 

. 11/15/60 
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Particle spectral characteristics of three large solar-particle 
events of cycle 19 

.4! 
J

Op 
P J Po 0. J

OM 
P

OM 
.~ 

Op 00. . 
J.0VL ~V) (MV~ 

2.6X10 10 1. 99X10 10 3.32X10 8 
~j 

80 87 87 

8 •. 9X10 9 124 1. 94Xl0 9 172 3. 23X10 
7 

172 

5.9X10 9 114 1. 92X10 9 156 3.2 Xi0
7 

156 

u 
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FIGURE LEGENDS 

Fig. L Two examples of normalized energy-loss distributions under. 

water shielding. (a) Shielding thickness of 5 g/cm
2 

for a 

solar-particle event with Po . = Po :: P
OM 

= 80 MV; p . a • . 

(b) shielding thickness of 1 g/cm
2 

for a solar-particle event 

with POp = POa. = P OM = 180 MV. In poth cases, J Op and 

J
Oa 

equal 60 J
OM 

• 

Fig. 2. Inactivation cross sections for irreversible (0' i) and reversible 

(0' 2) damage to the proliferative capacity of human kidney cells 

in vitro as a function of dE/dx, as measured by Todd. 
11 

Fig. 3. The energy-loss distribution from galactic cosmic rays under 

0.2 g/ cm 
2 

water shielding. The upper curve gives the weighting 

1 / I factor 0' 1 (E: )c on an arbitrary scale for the lethal hits/site 

calculation • 

. Fig. 4. Contribution of the He ions (a) and M particles (M) to the lethal 

hits/site and to the rad dose relative to protons (p) as a function 

of thickness for the solar-particle event of November 1.2, 1960. 
. , 

Fig. 5. Fractional cell lethalities (FCL) at two body points in a seated 

astronaut as a function of vehicular water -equivalent shielding 

from three solar-particle events. ' 

.' 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
m1SS10n, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor

mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behal f of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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