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November 18, 1966
 ABSTRACT .

- In the evaluation of the hazard from a given radiation environ=-

. ment, various factors other than the absorbed dose play an important
role ‘in‘ deiermiﬁing the biologicél response. One of these is the quality
‘,o'f,the'radiatiqn‘.vthat is, the dE/dx of the particles depositing the dose.

It is convenient, especially when dealing with charged particles heavier’

than electrons, to display the dose at a point as a function of dE/dx.

This f‘uncti’on_ is called an energy-loss or dE/dx distribution. Such a

representation allows an evaluation of the importance of the various

. . . . o i
dE/dx components that comprise the dose.. In particular, the high

s dE/d'x ' 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 Effectiveness) in producing biological damage.

than low dE/dx radiation. Examples are gi\}en of dE/dx distributiéns '

duc to two typical solar-particle eventé in free space with different
'spe.ctr.al,shapes and ur'ide‘r. different vshi‘el'ding thicknesses. The case of

“a steepv sp’ec'truni under t}iickishielding shows the proton component

dominating, while the case of a {latter spectrum under thin shielding

o shoWs_the__}iéiiuhd-ion ‘component to be 'slightlyl_mdre;‘_important than the

‘proton component.

) N
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- A potentially fruitful way of quantifying the biological effects of
& given environment is by using the inactivation cross section. This
experimentally determinable quantity is eqial to the probability per unit
flux of:a. cell being'inactivated and is analogous, in this sense, to a_
f'nuclear scatterm;, or mtex actxon Cross secuox - It appe‘ars to be a

"'.V;functxon of dE/cnc but does not depcnd on the typc of heavy partxcle

- p1 oducmg the dE/dx.‘ Unfortunately. few mammahan mactwatxon Cross

!

_:sectmns havc bcen ex,)cnmcntally dc;e)mmed to daue. Todd has mcasured
| ‘the inhibition of the proluerati_ve capacity of hu‘man kidney cells in vitro
_:ar;d has. shown that vthe: resulting dama.gé may be inte;‘pretéd as_' being _
_caused by .t'wo distihct‘dama,gé h}éélianisxhé--an irrevers_ibl.e single‘-hit, .
: mechaniszﬁﬁdmin_afing at high dE/dx, and a reversible raulti~hit
m.echa'r}ism domiﬁ‘étliﬁg a,tg -léw_ v, c‘UE/d)vci -As an illu;_étr?xtiori; the cross
set.:t-ioris. from -thésé e:;peri_ménté ‘hav_e. been used to f:a.lcul‘ate the num-
bers Qf‘inacti.vation‘hité'/(:ell_f_o_i‘.‘t_w‘o.s,am'ple radiat:ion environménts in-
Volviﬁg prot.ons, helidﬁ ions, and »jheavier cvompon?il;r_lvts: ‘the galactic
‘cosmic ra‘Lc.l‘iatilon in free space under 0.2 g/c"rﬁz-wé_ter. shiéldipg and a
' large sdla".f-pa_rticle revéntvi'n free ééace. Presented in te;‘mé of the |
‘ratio of 'inacti\ié.t.cion' hitvs/'c’ell of tl;Le heavy components to that of thé
prb‘tohs, the results show: (1) For the galactic cosmic radiation, vthe
.-IV’ery heavy cbmponents f(f‘e-Ni‘ ions) cause one and a half tfmes éxs much‘ '

7
L 4

damage as protons unde& 0.2 g/cmz' shielding., (2) For the s'olar-particle‘

L event, the hehum ~ion cont1 1but10n is shghtly less than the proton con- ' \.J _
: . v

tribution, but is the same order of magnitude and remains so even at
) largc s}neldmg th1cknesscs. ‘The‘heavier;é:ompohént cdnti‘ibutiOn is
' dOWn by an order of magmtude from that of the hehum 1ons, and drops.

off much more steeply vnth 1ncreasmg shxeldmg tmckness.v
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Th_é fractional number of cell_.s ix‘iacti.vated or fractional cell
lethality (FCL) cah be calculated if the numbers of lethal hits/cell are
known from both the reve rsible and irrevvel‘sible damage mechanisms.
It turns out that irreversible v.da.mage dominates for the solar events
chosen for illustration. FCL values were calculatcdi‘f'or two points
inside the body-at the'waist'Of a seated astronaut for several large
solar-particle events of the last solar cycle, taking 'ix_mto 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 1 ‘g/cm'2

of vehicular shielding in the largest event.

Such calculations as this may help in the future for the evaluation

. of the hazard from mixed-heavy-particle radiation environments when

inactivation cross sections or other suitable "malfunction'" cross sections
are available for more critical and perhaps irreplaceable cells in the
body and when accumulated damage over a long period, such as for ex-

tended space’flight, is of importance.
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INTRODUCTION

The problem of evaluatmg the hazard from a gwen radlatlon en--

- vironment can be very complex. In the fxrst place, the d1ffermg mter-

actions of the various types of radxatlon make the analys1s d1ff1cu1t. -
Secondly, the shleldmg of the human body 1tse1f prov1des an added com-

phcatlon in the determination of the particle flux to reach a pomt deep

‘w1thm the body Finally, the ultimate b1olog1ca1 effect depends not only
‘on the amount of energy deposited by the particles per unit volume (i.e.,
" the absorbed dose) but also on such quantities as the dose_rzite and the

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

aspect of the problem: the dependence of the bio'logical effect on the__
dE/dx of the. particles depositing the dose. All material presented in
this’paper‘except that on the galactic c_osmie rays has been pubiished _

1,2

It has been clearly demonstra’ted3v’.4 that the relative biological -

effeetiveness (RBE) of radiation from charged particles.in maxn'maiiaé '

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

their dE/dx.v Other pe.r‘a‘me‘ters (such.as ‘the_ amount of. venez.'gy deposited ‘
in a finite sensitive volume) rﬁay ulti_rnately. be used to describe the duaiity
of the radiation‘ from the biologieal sta.vndpoim;;5 ‘but until fnbre is k.nov&xd o
abouﬁ the effects of microseopic distributions of energy in specific Eio-b :
logical systems of interest, it appears _reasona.ble to continue t_e use

dE/dx as a rough approximation in all systems,

f



et UcRiirees

e )

' E‘\TERGY LOSS DISTRIBUTIONS
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_It 1s convement, therefore, to express the absorbed dose at a

"'f:v,pomt m terms of an energy 1oss dxstrlbutmn or spectrum. We defme

fv_."_thxs functlon in the followmg way., Fzrst we recall the expressmn for'_‘_;"'; S

| : the d1fferent1al dose element

dD = (dJ/dE' ' dE' N ff (1)

o -'3':5_"where dJ/dE' - 1s the d1fferent1a1 energy spectrum. 1. e. » the number °f -

partlcles per unlt area w1th energles between E' - and (E' + dE') at the
pomt of dose computatlon,A and 6' = dE' /dx 1s the rate of energy loss
of a partxcle w1th energy E' . - ‘ ' o
The mtegral of the above expressron is the absorbed dose at the E
pgint;""' | | e |

P P 0 dEI R

where dJ/dE' _,_' 1s expressed m number of partlcles per crn2 MeV

' *‘c' 'is in MeV cm /g, _and E' s m MeV We assume here that the S

'energy be1ng lost is absorbed "locally" and so we restrlct ourselves to
F 1nC1dent charged partlcles heavxer than electrons. In addxtlon, we are -

o 8 neglectmg 1n th1s fxrst apprommatlon the fact that, 1n some ca.ses, hlgh- ’

energy secondary electrons or delta rays can dep051t energy some dis~-

TR tance from the track core. S Lo ST

: We now defme a functlon called the energy lOSs or dE/dx d1str1-

'-'_butlon functlon, (c ), such that -

Flc ) dliog <) = dD RIEEI LI @

o by o)
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We use the dlfferentlal of the 1ogar1thm in the def1n1t1on 31mply for con-

' vemence, smce we shall see that 1t is convement to plot the d15tr1but1on o

“as a hnear functlon of the log of 6'

Equatmg (1) and (z) and solvmg for Flc '), we obtain

RGIRE 303(“/@')6" /1 dC'/dE"" o e

‘v for the energy-loss d1str1but10n functlon. It is seen from Eq. (3) that ": o

F(G‘) _dlverges whehevver dc /dE‘ _vamshes, i, ev. at the vma’xxn':zvurri and o
m1mmum o_f the’. dE/dx y_s_ Ei cuzive. ; These diVergenees-;s_hew up m
vl”the'_ciisittributiOan ‘ae'*!vepikes" ) | B o

| From the def1n1t1on of F(E 5, in umts of MeV/g, we- have

. (. .'/_ 0

’-;dosev.(i"n‘rads)#_1.6Xi_0-8 ] bF(e')d‘(l‘.og €’).; : ‘ ; (4) .

o 1f F(C ) is plotted grap}ncally as a functlon of €' oh a l'ogarithfni‘c '

' '-'g-'scale, equal dlstances along the. a.bsmssas have equal welghts, and the o

k l_importance of dxfferent dE/dx contr1but1ons can- readlly be evaluated

The spxkes or pomts of dwergence glve no trouble in the dose 1ntegral -
beca.use the areas under them contrlbute a small pa.rt of the total dose

" ina typmal exposux_‘e situation. o




'_de/d\c contrxbutxons Flgure 1 shows energy IOSs dlstrlbutlons re-'”

—> "."thxcknesses. Flgure 1a g1ves the case for thlck shleldmg, 5 g/cmz_g_

L number of partlcles per cm2 of the _]th partlcle type w1th r1g1d1ty equal :

o stand for protons, hehum 1ons, and 1ons of charge 7 between 6 and 9,.’. P

s ‘-’.'.-v-"“_’called M partrcles. In these calculatmns, the latter were assumed to

: -"i_".assumed to be s1xty times that for the M part1c1es. All these assump-':'

. UCRL-17283 ~ .- . -

iz ENERGY LOSS DISTRIBUTION FROM A SOLAR PARTICLE EVENT e

Q-The proton, hel1um and heavxe':_',_,,lon fluxes comprlsmg a solar-v

partxcle event provrde a good example of a 51tuat1on where ene1 gy loss N

»Idxstrlbutmns are helpful 1n 1nd1cat1ng the relatlve 1mportance of varlous

r:'-’;:vsultmg frorn two dlfferent energy spectra behmd two dxfferent slueldmg

- water equ1valent and a rather steep partlclc spectrum ' Flgure b glves
. 2
: vthe case for thmner shxeldmg, 1 g/cm water equxvalent, and a flatter

: spectral shape.v. It was assumed that the mtegral partxcle spectra were

T

.' exponent1a1 in r1g1d1ty w1th the form

J (ap}:"i

. .ex P P )
RilSs: :'_"°J p‘ / ) o

o

v.-where P 1s the rlgldlty or momentum per umt charge; '*JJ(EP). is the

to or greater than P and JO_} and POJ' are constants for a g1ven event.

In Flg 1a, we have POp-: .?0.0 POM = 80 MV wlnch exemp11f1es a

. :vv?v,.rather steep spectrum, | and m Flgure 1b . POP-'- LPOO..: ‘POM =} _1_89 MV{ i

wh1ch exemphﬁes a flatter spectrum Here P: 0, and M respectlvely "

- have Z = 8. The JO values for protons and hehum 1ons were o

o "'«tlons are reasonable from the hrmted data avallable on the spectra and

| comp051t10n of the larger solar- partlcle events that occurred in Cycle S

678

i 19 In the flgure the areas under the curves have been: normalu.ed



~value of this qula.ntity is called the quality factor (QF).
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‘to umty by dividing by the dose

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

butions of the proton and _hehum-mn components arises about equally

from the Chan-'*e in spectral shape ‘and the Chan'ge‘ in shielding thickness,

Thls example illustrates the relative 1mportance of hlgh- and low=- dE/dx
partxcles in contmbutmg to the do:>e under differing envxronmental con-'

dxtxons 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 'Rvadiolog.ical Protection has quantified this concept; the

9 In addition,the

following dependence of QF on dE/dx has been suggested:

QF(e) < 0.8 + 1.6X10™%¢

for QF <20.0 and ¢ in MeV cmz/g. The biélogically important dose

or dose equivalent in rem may be calculated as
. o0

L - e
dose equivalent = 1,6 X10 8 J F(e') QF (¢') d (loge') .
] . . _

rIere the QF acts as a we1ghtmg factor that glves more weight to the
hlgher dE/dx portion of the distribution.
The concept of QF, howeve'r-; is artificial in the sense that its

dependence on € has simply been égreed upon as an upper-limit extrap-

~ olation to low dose rates and low doses of RBE's fro_rn radiobiological I L

: ‘data. It would be of interest to use a more phyé_ica‘lly meaningful quantity |
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'wh0se dependence on dE/dx 1s perhaps 51m11ar but whose 1nterpre-—.'. ' o
ﬂv'-',tatlon 1s that of the p___obabzhty of a blologmally sxgmfxcant mteractlon'; »

E.takmg place.’ Such a quant1ty should be mdependent of do»e rate, total",-n_- K

[
[N

.'fdosc, ‘and all other physxcal charactenstlcs of the radlamon envxronment,

and should have functxonal dependence only on the dE/d:\. of the radxatlon_

| Thls quantlty could of course, depend on blologlcally 1mportant parameters;

' ",Ve g. » on. the ava11ab111ty of oxygen. . -

INACTIVATION CROSS SECTIONS
The 1n.act1vat10n Ccross, sectlon mea.sured by Todd 1s an exarnple
"'vof such a quantlty. -j_'o’ 11 In e:\perlments w1th human kldney cells, Todd
has measured the 1nac.t1vat10n c.r‘oss eectlons for 1nhlb1t1on of the cell' '
. prohferatwe capac1ty in yltro as va functlon of- dE/dx w1th‘ various hea.\_ry::.i E

o ions at the HILAC o£ the Lawrence Rad1at1on L.aboratory Evi.-dence haéf'::‘.

'_been found for'two types of radlatlon damage ex1st1ng in the kidney cells

e stud1ed One type is’ J.rleparable,. the other is reparable. Dependencev '

oy

1 : '-of the 1nact1vatlon cross sectlon oh dE/d\: is d1fferent for the two types

_.-v'of damage. These cross sectlons are analogous to nuclea.r scattermg
L ‘crosvs sect1ons m that they are the probablhty per umt flux of the pro- .' a2
hferatwe capamty of the cell bemg destroyed The expenrnental cross‘
v"':v‘secuons are shown as 2 functmn of dE/dX in Fig. 2. 11 The cross
svectlon due to 1rreparab1e damage is labclecl o-i, and that due to re'_' . ‘
‘.parab‘le damage is labeled o'Z Although both cr035 sectxons and R
8 therefore 1nact1vatlon probabxhtms rise w1th mcreasmg dE/dx, it | v
shOuld be. noted that the r‘3Pal able cross sectlon dommates at low L |

¢ B i - SRR ¥

‘dE/dx, and the 1rreparable cross sectlon at hlgh dE/d*c.- This is con-"

2 j"':“s1stent w1th the exper1mental fact’ that hlgh dE/dx radxatmn in general

TN -."v"
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produces more irreparable damage, while the-daniage caused by low

dE/dx radiation is more readily reparable.
INACTIVATION HITS PER SITE
By using inactivation cross sections and thé dE/dx distribution
as described above, the number of lethal or inactivating hits per site.

can be calculated. The expression for the number of su,.ch hits, J(x), at

‘a depth xis

J(x)=f 4 sEnyaE', ' (5)
, dE _ - ‘

“where dJ/dE' is the differential .enefgy spectrum at a depth x, and '

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

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

0

T (x) =J Fle'y &L apoge'). (S
e - _ . :

A,
N\

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

by a factor 0'(6' )/6' . This factor is analogous to a QF or RBE, but
is independent.of dose and dose rate, and depends only on the probability

. for inactivation, and on the dE/dx of the particle involved.
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GALACTIC COSMIC-RAY HAZARD TO THE SKIN : .

As another e»:ample in the use of these concepts, the enzr Ty 10:.5

' dlstrlbutlon for the galactlc cosmic rad1at10n under 0.2 gm/ o of water-

equivalent shielding is shown in Fig. 3. Only the most important con-
tributions are shown lhexje. When more t.han one nuclear species is.
present under a single designation, such as the M-perticle group

(6 <7 é9), a representative 'Z and A have been chosen for that group.
Recent experimental data have been usediz-i() and we're extrepolated to
lower energies where necessary. Above the distribution on the graph,
the quantlty Oi(c )/e’" is plotvted on an arbitrdry scale. This‘indicetes
the wexghtmg factor chosen 1n. the computation of lethal or inactivation
hits/site.v The magnitudes of the lethal hits per site in thiﬁ example are
not meahingfel, since the cross sections used wer‘e thos'ehmeasured for

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

of the skin are not available at present. _The'sevwould be more appropriate -

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

- was engaging in extra-vehicular activity. Even in this situation, there

would be sh.ielding present—his own Body and the nearby spacecraft'——which
would modify the .result by dec reasing”the contributions from the high
‘dE/dx particles,. since they would not be able to-pen‘etxj.ate' the ﬁea.rby -
material withOutv fragmenting and producing s‘econda.ry 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 B ¥

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

the validity of this analysis is that the shape 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

kinds of blologlcal test ob_)ecte even as far removed from human cells

as haplozd yeast cells and Ti bacteriophage. 11 Table I presents the

ratios of 1rrcpa1able lethal hxts (i. e, from the oy damage mechanism) '

V of the various heavy components compared to those of protons. Only oy

damage was assumed, since o, damage is reparable and presundably .

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 dE/dx.

'THE FRACTIONAL CELL LETHALITY CONCEPT

We now define the fractional cell 1ethaiity (FCL) as the fractional |

number of cells or sites killed or inactivated by the radiation. 4 If we
define ¢(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 ¢ in a time dt will be given by

-dé = J(x,t) $(x)dt,

where J{x,t) is the number of inactivation hits per unit tlme at depth x.

Integrating we obtain the famlhar exponential dependence :

o(x) = exp( -J(x)] ,



e T P B . T Tt i i e i 3

3

e e s - DU

SOINAAPSIR FC S t

component for comparison. It is secen that the proton contribution

-10-. - UCRL-17283

v

where J(x) is the time-integrated number of inactivation hits per site R

from Eq. (5) or (6). - - S _ y

- For a single-hit damage mechanism, the FCL is sifnply

FCL(x).z 1 = d(x) ;'i-exp[ -’J(x)] |

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

by Todd, the expression becomes

FOL = ool -3, (0] {1 - Lesoted, 1) 17

. where JO’ (x)y= Z Jj(x) for the single~-hit mechanism, and JO‘ (x) 1is
1 T 2

sii’nilarly defined for the multi-hit mechanism. The summation is over
the different fypes of particles,present in the spectrum. The exponent,

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

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

since damage from the multi-hit mechahisn’i is negligible.
FRACTIONAL CELL LETHALITY FROM SOLAR- PARTICLE EVENTS .
As a final example, we calculate the FCL to an astronaut's
kidney frorti several of the large events that. occurred in solar cycle 19, '

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

" and 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

 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 increaéing thickness,

Calculations of  FCL have been made at two points within the

N body of a seated astronaut for the three soiar-—particle events given in .

‘Table II. These calculations included the self-shielding provided by the

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

" point and behind X g/cm'2 of vehicular shielding for the jg_}i particle type

. as

J5(X, body point) = I £ (x)) T, (X + x;)
i

where f(x,) is the fractional solid angle seen from the body point through

-

a body thickness, xi. These factors, which weight the Jj accordiné to

the distx_'ibution of body shielding around the point, have been calculated

19

for various points within a seated 75-percenti1é man. The two points

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

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

shown in Fig: 5. It is seen that up to 7% of the kidney cells 4 cm inside
the waist would have been inactivated in the 12 November 1960 event under
1 g/cm2 vehicular shielding. J

This calculation is just an example of how é.va.ilable Cross-
sectio.n 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 ki'dney cells. It is hoped that inactivation cross

+ sections or perhaps some other measurable quantity such as a malfunction

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

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

organ 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 pr_qcesses

bplay_ an important role.

ot
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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/cm® water shielding.

5
. Particle . N .z - e _Rati
o protons : | 1 ' 1.00 '
‘Heions | 2 | o 0.72 -
M ions . ~ : . bto 9 v : R 0.78‘
LH ions | | 10 to 14 | C0.89
- FeeNiions 26 to 28 s
t
. {

e
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Table II. Particle spectral characteristics of three large solar—particle
: ~events of cycle 19

Date JOp o POp : Jo,a“_ | ‘Po(1 JOM‘-, | POM
e MV} ' (MV) _ MV
10 10 | 8 v
7/14/59 2.6X10 80 . 1,99x10°" .- 87 3.32X10 87
11/12/60 8.9%107 - 124 1,94x10” 172 3.23x107 472
11/15/60 5.9><_io9 114 ,1~92><1°9- - 156 3.2 X10" 156
~.
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- FIGURE LEGENDS3
Fig; 1. Two examples of nor_malized'ene'rgy-loss distributions under
Water_ shielding., (a) Shielding thickness of 5 g/crhz for a
-solar-partl‘cle event with pOp‘ = -POo. = POM = 80 MV;
"(b) shielding thickness of 1 g/c_:m2 for a solar-particle event
with 'POp = POa = P’OM = 180 MV. In béth cas‘es‘,'Jop and

J e‘qual 60 J

Oa oM™
Fig. 2. Inactivation cross sections for irreversible (o'i)' and reversible

(0,) damage to the proliferative capacity of human kidney cells -

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

Fi'g. 3. The energy-loss distribution from galactic cosmic rays undef '

0.2 g/cmz water shielding. The upper curve gives the weighting
factor 0'1(6' )/c' on an arbitrary scale for the lethal hits/site

calculation.

. Fig., 4. _Contributidn 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 12, 1960,

"Fig. 5. Fractional cell lethalities (F.'_CL) 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-

mission, 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 behalf 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.








