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Abstract

The dose incurred in an anisotropic environment depends on

the orientation of the astronaut's body relative to the direction of

the radiation field. The fluctuations in exposure of specific organs

due to astronaut orientation are found to be a factor of 2 or more

in a typical space habitation module and typical space radiations.

An approximation function is found that overestimates astronaut

exposure in most cases studied and is recommended as a shield design

guide for future space missions.

Introduction

There are many uncertainties that enter into
estimates of biological risk to astronauts in deep

space that must be managed to ensure astronaut

radiation exposure risk in future missions does not

exceed acceptable limits. These uncertainties are

from several sources: (1) the external environment,

(2) modification of the external environment by
shielding materials, (3) the shielding geometry mod-

els, (4) computational methods for estimating the in-

ternal environment of the spacecraft, (5) interaction
of the interior environment with the human body,

(6) the body geometry, (7) computational procedures
for relating the internal environment to exposure of

specific tissues, and (8) the biological response to

specific tissue exposures.

Environmental uncertainties arise from the galac-

tic cosmic ray (GCR) models used and the un-
predictable nature of solar particle events (SPE). Im-

provements in CCR models are in progress (ref. 1),

but SPE exposures will remain unpredictable into

the foreseeable future (ref. 2). A maximum observed
SPE fiuence event is usually used for design purposes

(ref. 3). This is not to say that these fluence levels
may not be someday exceeded but rather that no
observed event has exceeded them in the past.

The uncertainty in the shielding properties of ma-
terials is not accurately known for HZE components.

Significant uncertainty is known to result from the

choice of nuclear models (ref. 4). Uncertainty in

shielding properties for the biologically most signifi-

cant components on the order of 200 percent has been
estimated on the basis of physical limits on reaction

mechanisms (ref. 5). A further computational un-

certainty caused by assuming that nuclear cross sec-
tions for HZE fragmentation are energy independent

adds an additional 50 percent uncertainty (ref. 6).

The geometry of the spacecraft structure is never

exactly represented and even varies throughout the
mission as expendables are consumed. Three-

dimensional aspects of the solution to the Boltzmann

equation have been simplified and boundary con-
ditions have never been exactly matched (refs. 7

and 8). However, conservative methods are nor-

mally employed that rarely cause significant errors

(ref. 8). The interior environment is rarely evalu-
ated at more than a few specific locations so that

the boundary flux (including leakage) at the sur-
face of the astronaut's body is never exactly spec-

ified (refs. 8 and 9). There is further uncertainty in
the interaction with the body tissues (ref. 10) and

specification of the body geometry (ref. 11). Finally,

the biological response to many of the environmental

components is largely unknown (refs. 3, 12, and 13).
Clearly, all of these factors must be dealt with in
a consistent fashion to ensure astronaut safety in

future deep-space missions. In the present report,
we endeavor to consider uncertainty associated with

astronaut geometric factors (specifically, astronaut

orientation).

If the radiation fields to which the astronaut

is exposed are isotropic, then the exposure of spe-

cific organs is independent of the astronaut oriem
tation. Radiations within the geomagnetic field are

anisotropic, since particle motion is strongly affected

by the local magnetic field direction. Even outside

the geomagnetic field where galactic and solar cosmic
rays are nearly isotropic, the astronaut is enclosed

within a large spacecraft of a complicated geometric

shape in which the interior radiation fields are highly
anisotropic. The radiation anisotropy is related to
the distribution of material about the radiation field

point.

As a practical example, we consider a representa-
tive habitation module as illustrated in figure 1. The

module configuration is defined by a computer-aided

design (CAD) model based on early Space Station
Freedom layouts and includes racks, end plates, win-

dows, utility raceways, and the pressure vessel walls.

Appropriate nominal densities have been assigned to
each of the constituents. Three interior points along



the centerlinehavebeenchosenfor doseanalysis:
(1) in the end (windowed)sectionleastprotected
by inherentshielding,(2) nearthegeometriccenter
wheremaximumshieldingexists,and(3)at the op-
positeendlocationwhereintermediateshieldingex-
ists.Thesepointswill bereferredto asA, B, andC,
respectively.Directionalthicknessdataprescribed
in a three-dimensionalreferenceframemustbeused
to examinethe effectsof differingorientationsat a
givenlocationin thespacecraft.Figure2showssuch
directionalthicknesspatternsforthespecifiedtarget
pointsin theCAD-modeled habitation module. It is

apparent that the central location offers greatest pro-

tection, while positions near the end walls are associ-
ated with smaller thickness values in directions fac-

ing away from the center region. Shadowing due to
utility raceways, racks, and end plates is also promi-

nent in the illustrations. The directional patterns

are based on thicknesses along 1922 rays evenly dis-

tributed about the target point with respect to solid
angle.

The NASA computerized anatomical man (CAM)

model (ref. 11) is used to define the astronaut geom-
etry. Directional thickness patterns for the selected

human body target points are shown in figure 3. The

pattern for the skin at a central chest location exem-

plifies the contrast between the most shielded direc-

tions and the most exposed directions, which results

in two approximate hemispherical patterns (blue in

front and pink in back). The distribution about the

right-eye location also indicates a large solid angle of
high exposure, but noticeable asymmetry exists be-

cause of the off-axis position of this target. The thy-

roid and esophagus distributions are indicative of in-

termediate self-shielding locations, and the intestine

point represents that for which most self-shielding is
available. The CAM model distributions are derived

from a 512-ray pattern, and while the directional res-

olution is not as good as for the habitat module, the

thickness patterns are generally defined well enough
to make important features readily identifiable. The

patterns in figure 3 are oriented so that the head lo-

cation is toward the top of the direction sphere; the

frontal direction is indicated by the position of the

solid angle for which least thickness occurs.

It is clear that tile exposure at a location in

the astronaut's body depends on the distribution
of the vehicle structure mass and the astronaut's

body mass about the exposure point. How the two

mass distributions combine depends on the relative
orientation of the astronaut. The importance of this

orientation on evaluating astronaut exposure is the

object of the current study.

Dose Within Convex Regions

It can be shown (ref. 8) that the dose from proton or ion exposure within a convex region can be

approximated (conservatively) by

D(.g) =//R[E, tx(_)] _(E, _) d_ dE (1)

where R(E, Z) is the solution for the normally incident beam of particles of energy E in slab geometry at a

depth Z, and _5(E, _) is the fluence density of ions of energy E moving in direction _. The distribution of

shield material about the dose point 2 is defined by the areal density distribution tx((l).

In tile case of a monodirectional beam, the dose according to equation (1) is

DfiB(Z ) = / cb(E)R[E, tx(f_B)] dE (2)

where _B is the radiation direction. If we randomly reorient the body relative to the direction of irradiation, the

dose fluctuates at 2_ according to the distribution of areal density about _ given by fz(t) dr. Note that fx(t) dt

is the probability for an arbitrarily chosen direction that the shield thickness lies between t and t + dr. The

NASA CAM model (ref. 11) has been used to provide thickness cumulative distribution functions (cdf's) and

probability density functions (pdf's) for selected human body exposure locations. The body target points

for this study have been chosen to represent varying degrees of body self-shielding. In order of increasing

amount of self-shielding, the five selected locations are (1) skin in chest region, (2) right ocular lens, (3) thyroid

gland, (4) esophagus, and (5) central intestinal point. The respective thickness distributions are shown in
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figures4(a) (e). Thepeakvalueof thepdf at eachbodytargetpoint isan indicatorof relativeeffectiveself-
shielding.Themeandosefor all orientationsis evaluatedby usinga codedevelopedby Shinnet al. (ref.6)
as

-Dx =//_(E)R[E, tx(flB)]d_B dE=//_(E)R(E,t)fz(t)dtdE (3)

the standard deviation of dose, ao, is given by

a 2 = [O(E) R(E, t)]2fz(t) dt - D x (4)

A crude approximation of the dose fluctuations can be taken as

1 [ (D - Dz) 2

fD_(D)- _-Oo exp [ _ro2
(5)

Also important in interpreting this approximate distribution is the maximum dose and minimum dose associated

with directions _Bm_ and _Bm_n in equation (2). The cumulative distribution is taken as

f_Dni n fDx(D') dD' erf[(D - -D)/(x/'2ao)] - erf[(Dmin - -D)/(v'_Oo)]

FDx(D) = fDmax fDx(DO dD' = erf[(Dmax - -D)/(V_ao)] - erf[(Dmin - -D)/(v/2ao)]
J Dmi n

(6)

The distribution given by equation (6) is to be compared with the distribution at several typical locations

within critical organs of the human body. The integral

j_0 _
Dslab(t ) = _(E) R(E, t) dE (7)

is replaced by a trial function as

Dslab(t ) = Do exp(-at) (8)

where the e-folding distance is a -1 and 0.04 < a < 0.4 brackets the observed solar spectra. We arbitrarily

set Do to 100 cSv.

The cumulative distribution of exposure for the most penetrating exposure (a = 0.04 cm2/g) is shown in

figure 5. Equation (6) is seen to bca poor approximation for the least shielded (lose points but improves for dose

points in tissues deeper in the astronaut's body. Results for the least penetrating radiations (a = 0.4 cm2/g)

shown in figure 6 exhibit large deviations from equation (6) at all tissue locations. Similar results are shown

for a very lightly shielded astronaut during the solar particle events of October 1989 and February 1956 in

figures 7 and 8. In general, the exposure fluctuations in this case of monodirectional environments are not well

represented by normal statistics, and the standard deviation has no clear meaning, even in the restricted sense

of equation (6).

Astronaut Exposure Within a Spacecraft

In the case of isotropic radiation exposure, one may rewrite equation (1) as

D(2) = f O(E)dE f R[E, tx(_)]d_ (9)

for which the fractional solid angle distribution may be introduced as

/ /0D(2) = 47r _P(E) dE R(E, t) fx(t) dt (10)
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wherefx(t)dt is the solid angle fraction with t(f_) lying between t and t + dt. Note fx(t) is related to the

directional thickness distribution of the previous section. The dose in the center of a sphere is found by

taking fz(t) to be 5(t - r) so that

Dsp(r) = 47r ] _(E) dE R(E, r) (11)

from which the dose at a point 2 in arbitrary geometry can be written as

D(2) = / Dsp(t) fz(t) dt (12)

The error generated by equation (9) is second order in the ratio of beam divcrgcnce to radius of curvature of

the exposed object and is always conscrvative (refs. 7 and 8). Note that equation (11) approximates the dose

in the center of a sphcrc by the dose in a slab for which all the radiation is incident normally on the exterior

surface. Obviously, such an assumption is conservative since leakage at the sphere boundary is underestimated

in slab geometry but approaches the slab as the sphere radius becomes large (ref. 8).

If the convex body is allowed to rotate to a new position defined by a colatitude and azimuth, then the

integral of equation (1) becomes

D(_) =//R{E, tx[Ry(O) Rz(¢) f_]} _(E, _) d_ (13)

where Rv(O ) and Rz(¢) are rotation operators (ref. 14).

The average exposure for all orientations is then

-D(2) = _ /// R{E, tz[Rv(O) Rz(¢)_]} O(E,_)d_d(t_ = ff R(E,t)_(E,_)d_ fz(t)dt (14)

which shows that a randomly rotating body exposure is equivalent to assuming the omnidirectional flux is

isotropic.

is

Suppose a region b is to be protected by enclosing it within a region s; then the dose at a point 2r within b

D(_) = ff R[E,ts( )+ tb(_)] _(E, ft) dEdfft (15)
JJ

where we assume the body and shield are constructed of the same material. Otherwise, R(E,t) must be

replaced by the more complicated functions derived as buildup factors in reference 7. If the body is randomly

rotated within the shicid, then

D(2) =//R[E, ts(d) + tb] fb(tb) dt b O(E, d) dE dd (16)

which may be reduced for isotropic exposure to

ft" f f

D(2)--47r JJ R(E, ts + tb) fs(ts) fb(tb) _(E) dE dtb dts = / Dsp(t) J fs(T) fb(t -- r)
dt &r

Note that from equation (17), we define a combined areal density distribution function as

(17)

fsb(t) = / fs(r) fb(t -- "r) dr (18)

which is valid for a randomly rotating inner body shielded by a distribution fs (ts) in an isotropic environment.
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Optimum Shield Design

Theenvironmentin deepspacecanbeassumed
to beisotropicin mostcases.Onemayrepresentthe
dosein a convexbodyasan integralof the dosein
variable-radiusspheresas

n(2) = / Dsp(r) fb(r) dr (19)

where we overestimate the sphere dose by dose in a

slab. W'e consider a series of shapes with the same

average thickness

= / t fb(t) dt (20)

so we may ask which shape gives minimum exposure
to the dose point. We model this question by as-

suming a class of distributions for the cardioid given
as

(t - +  )/26 (3- 6 < t < + 6)Fb(t) = 0 (Otherwise)
(21)

where Fb(t ) denotes the cumulative distribution func-
tion. We may then ask which of the doses for the

areal density distribution given by equation (21) as
a function of 5 is least. The dose in the center of a

sphere decreases (approximately) as an exponential

for most space radiations (see eq. (8)) for which

( 1_2(_ 2 £_464-_-..-) (22)D(2) = Dsp( t ) 1+ 3! + 5!

where c_-1 is the e-folding distance of Dsp(t). The

dose increases monotonically with increasing 5 and
is minimum at 5 = 0, where the variation in 6 is

likewise zero. The optimum shield configuration is

a sphere (spherical shell) whose radius is the mean

thickness. Note that D(2) changes rapidly with
for 5 >> c_-1 but is relatively insensitive to changes

in shape for 6 << (_-1. Highly penetrating radiations

(a small) are less sensitive to nonspherical shapes,

while low penetration events (a large) require 6 to
be small for optimum shielding.

It has been tempting in the past to assume that

the dose at 2 can be estimated by the dose in the

center of a sphere of the same average thickness.
Clearly, this is an underestimate for most practical

problems and should be avoided, since astronaut

exposure would always exceed design values. We may

also conclude that the exposure is maximum in the
center of a spherical-shell shield and decreases as one

approaches the walls, since the minimum thickness is

fixed and the average thickness increases as the wall

is approached.

Although the areal density distribution functions

contain no specific information on orientation, we
may nonetheless use them to provide an upper and

lower bound on exposure. The dose within a body

in a shielded region is given by equation (15). If the

body is reoriented by rotations (0, ¢) then

D(2) = fff R{E, ts(fi) + tb[R (O)Rz(¢)

x O(E, f_) dEd_ (23)

Clearly, D(2) depends on the orientation angles. For

an isotropic environment as is usually found in deep

space,

9(2) = f Dsp{ts((_) + tb[Ry(O) Rz(¢) _]} df_ (24)
J

For a given set of angles (0, ¢) there is a unique areal
density distribution for which

0(2) = / Dsp(t) fsb(t, O, ¢) dt (25)

Clearly, the minimum exposure occurs when _ and ¢

are chosen to best approach spherical symmetry and
maximum exposure when the maximum deviation

from spherical symmetry occurs. It is obvious that

the average thickness (ts + tb} is independent of ori-

entation, but the thickness standard deviation a

could change considerably. If a approaches zero,

then 0(2) _ Dsp( t'); a large a yields

D(2)=Dsp(t) (1+ la2(a)2 + ...) (26)

showing the minimum variance to be the optimum
configuration and the maximum variance to be the

worst-case exposure.

Strictly speaking, the areal density distributions
contain no specific directional information. However,

we may seek combinations of areal densities for which
the variance is either minimized or maximized cor-

responding to bounds on the body exposure due to

orientation. As was shown earlier, the average over

all orientations is given by the convolution as

1/Lb(t) = _ fsb(t, O, ¢) d_

_0 t= fs( ) fb(t - dr (27)



The maximum variance combination Fu is found by

matching the solid angles with least thickness and the

solid angles with maximum thickness for each of tile

two regions. Obviously, this assumes high angular
correlation of the two thickness distributions. Thus,

Fu is the combined solid angle fraction with thickness

less than t = t b + ts, where t b and ts are given as
solutions of

Fb(tb) = Fu(t) (28)

Fs(ts) = Fu(t) (29)

and Fb(tb) and Fs(ts) are the cumulative distribu-
tions for the body and shield. Similarly, assum-

ing good angular correlation, the minimum variance

combination FL(t ) is found from

Fb(tb) = 1 -- FL(t ) (30)

Ys(ts) = YL(t) (31)

where t = ts + tb as before. Note that the upper and
lower limits given by equations (28) to (31) would

correspond most closely to the 3a limits of a normal

distribution. The mean exposure is given by the

convolution in equation (27).

It is clear in the above constructions that the

mean thickness is preserved in each case. The stan-
dard deviation of the combined thickness distribu-

tion is, however, quite distinct. It can be shown that
the standard deviation of thickness for a randomly

rotated, inner body is

O'sb = @r 2 q-rT2) 1/2 (32)

corresponding to the distribution of equation (27).
The standard deviation of the combined mass dis-

tribution for maximum exposure given by equa-

tions (28) and (29)is

asb = as + _rb (33)

The minimum exposure standard deviation is given
as

= - (34)

corresponding to equations (30) and (31). If we
assume the dose attenuation function of equation (8)

and further assume the thickness distributions fs(t)

and fb(t) are normal, then the mean dose for all
orientations is

:  ooxp{ ÷
6

According to equations (33) and (34), the dose stan-
dard deviation with orientation is

(Ys _rb _

ao _ --_-_,_aba 1 + _ +--- (36)

Although the distributions are generally far from
normal, the procedure above provides insight into the

major factors in dose fluctuations.

Astronaut in a Habitat

"VVe now apply the procedures to the case of an

astronaut in a space habitation module. The habita-
tion module used is an early Space Station Freedom

design shown in figure 1. For simplicity, wc con-
sider only the three locations in the module de-

noted by A, B, and C as discussed previously. The
thickness distributions about the points are shown

in figures 2 and 9. For each of the three target
points, thickness cumulative distribution functions

(cdf's) have been determined from which correspond-
ing probability density functions (pdf's) are obtained

by differentiation. These distribution functions for

the selected interior points in figure 1 are shown in

figures 9(a) (c). Peak values of the pdf's and median

(50 percentile) vahms of the cdf's are indicative of ef-
fective shielding at each location. It is readily seen

that the most protection exists for point B, while the

largest exposures are to be expected at point A.

Thickness distributions for the human body

within the habitat module may then be constructed

for combinations of the cdf's in figures 4 and 9 to

provide maximum and minimum variance distribu-
tions as has been described by equations (28) (31).

In addition, the distribution corresponding to ran-

dom orientation may bc obtained from the convolu-

tion of the module and body pdf's (eq. (27)). The
set of combined pdf's may then bc used in conjunc-

tion with appropriate dose-versus-depth functions to
compute the doses to the selected organs at each of

the points in the spacecraft structure. Thus, for each

combination of body point and position in the mod-

ule, values for a mean (convolution) dose and a range

(minimum, maximum) are found.

Dose-versus-depth functions corresponding to
three values of e-folding coefficients that represent

flux spectra of high, moderate, and low penetrability

(a = 0.04, 0.1265, and 0.4, respectively) have been

used in the analysis (eq. (8) with Do = 100 eSv). In
addition, dose-versus-depth functions corresponding

to the observed proton spectra for the solar particle

events that occurred in February 1956 (very pene-

trating) and in the autumn of 1989 (moderately pen-

ctrating) have bccn included in the analysis. The



dose-versus-depthfunctionsas computedwith the
LangleyBRYNTRN(ref. 15)codefor theobserved
spectraareshownin figure10.

While the dosequantitiesevaluatedfrom the
thicknessdistributionflmctionscanprovidea mean
andanabsoluterange,nodirectinformationregard-
ingvariabilityassociatedwithdirectionalorientation
is available.Directionaldistributionof the internal
radiationfieldcanbederivedfromthethicknessdis-
tributionsat the threedesignatedlocationsin the
habitationmoduleshownin figure2.

Directionaldosepatternsprojectedon the unit
sphereareshownin figures11and 12. Note that
thecolorscalefor relativedosevaluesis the inverse
of that for tile distributionsof thickness.Figure11
illustratesthedosepatternin thehabitationmodule
at targetpointA for theattenuationcoefficientsfor
high, moderate,andlow penetrabilitydose-versus-
depthfunctions.Shadowingfromend-platestructure
andutility racewaysis evident. Alsoprominentin
this viewarethe threewindowlocations,whichare
areasof highermassdensitythan the surrounding
wallstructure.

Figure12illustratesdosepatternsforCAMmodel
bodypointsascomputedfromthe1989protonflare
dose-versus-depthfunction. Shownare the direc-
tional distributionsabout the right eye, thyroid,
and intestinaltrack locations,representingpoints
receivingvery high, moderate,and relativelylow
exposures,respectively.

Thethree-dimensional-thicknessdistributions(il-
lustratedin figs.2and3) allowoneto computedose
to a specifiedbody target point at a givenloca-
tion in the modulefor any arbitrary alignmentof
relativeorientation. Thus, a distributionof dose
valuesmay be obtainedthat providesnot only a
meanand an absoluterange,but alsoa variance
and "practical"rangeof exposurevalues.Suchin-
formationhasbeenobtainedin the presentstudy
by constructinganalgorithmthat utilizesa uniform
randomnumberdistributionto generatestatistics
on dosevaluesobtainedat variousorientationsof
the body organpointsrelativeto the vehicleori-
entation(seeappendix).It wasdetermined(princi-
pallybytrial anderror)that512randomorientations
wouldprovideadequatestatisticsto definea given
distributionof dosevalues.Thisprocedurewasper-
formedfor thecombinationsof selectedbodypoints
at thethreelocationsin thehabitatconfigurationfor
the fiverepresentativedose-versus-depthflmctions.
Theseresultsaresummarizedin figures13(a)(e),
14(a)(e),and15(a)(e),whichrelateto calculations
at pointsA, B, andC in the habitat,respectively.

Resultsfor eachcasearepresentedas dosevalues
groupedin 25bins,alongwith a spline-fitfunction
throughthebinneddata.Theordinatefor eachplot
is scaledsothat the integratedvalueis unity and
thusrepresentsaprobabilitydensityin dosefor ran-
domorientation.A bar insertedalongeachabscissa
is dividedinto six segmentsthat indicatela, 2a,
and3avaluesoneithersideof thecalculatedmean.
Scrutinyof the absoluterangevalues(Drain,Dmax)

for each case, as computed from the cumulative thick-

ness distributions, has indicated that an approximate

"practical" dose range, ADp, may be obtained as

-- Dmi n D + Dmax
< ADp < (37)

2 2

where D is the mean determined from the convolu-

tion integral of the body organ and habitat pdf's.

These "practical" dose ranges are indicated on the

plots as open symbols above the 3_r range bars. The

open diamond represents the convoluted value for

mean dose, and the limits of practical range are in-

dicated by the inverted triangles. In most eases, the

"practical" range gives a reasonable approximation
to the range of the actual dose distribution, which

may be especially large for some flare spectra. For
example, results for exposures at point A due to the

fall 1989 spectrum (fig. 13(d)) indicate dose fluctua-

tions by factors of 2 or more about the mean value
for several body target points. As may be seen in

the results for point B (fig. 14), this approximation
tends to become conservative when the distribution

is sharp (i.e., peaked about a narrow range). The

upper limit of the practical range provides a conser-
vative dose estimate for shield design and is rarely

exceeded in application.

Observed differences in the analytic convolution
and mean values calculated from the random orien-

tation statistics are attributable both to numerical

error in performing the convolution integrations and
to the finite number of random orientations included

in each case. Clearly, these differences are minor

and are indicative of the adequacy of the orienta-

tion statistics. In all cases, the variation of dose with

body self-shielding is consistent for the progression
between the skin location and the internal intestinal

point. The impact of spectral hardness at each habi-
tat location may be seen in parts (a), (b), and (c) of

figures 13 15. Parts (d) and (e) give results for ob-

served flare spectra. In particular, one may note the

large impact that location in the habitat has on skin

and eye doses for the 1989 flare spectrum, which may
bc compared with the markedly reduced sensitivity

for the much harder February 1956 spectrum.
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Concluding Remarks

The variability of exposure(incurredradiation
doseequivalentD) during a large solar particle event
for an astronaut in a space habitation module is ex-

amined. A formal analytical development is pre-
sented that treats the (lose fluctuations in terms of

relevant thickness distributions a.nd radiation spec-

tral parameters. The general formalism is then ap-

plied to computerized geometric models of the human

body in combination with a simulated space habita-
tion module configuration. Calculations of average

dose values and associated upper and lower bounds

are illustrated for idealized dose-versus-depth func-
tions, as well as for functions derived from observed

large proton flare spectra. Computational cases con-

sidered include interior spacecraft locations that were

heavily, moderately, and lightly shielded, with thick-

ness distributions representative of conceptual future
space habitation modules. Five locations within a

geometric model of the human body were also con-

sidered in the analysis and typified varying degrees
of body self-shielding.

In order to compare actual dose distribution func-

tions with the theoretical means and bounds, statis-

tical computations were performed for sets of random
orientations of the various three-dimensional geome-

tries. It was found that, in general, the actual, or

practical, range of variability was substantially tess

than the absolute range. Examination of the data

has indicated that an approximate realistic range
may be obtained from the cumulative thickness dis-

tributions. Application of this technique could pro-

vide reasonable estimates of incurred dose variability

with minimal computational effort for a wide variety
of space exposure situations. Such analyses should

considerably facilitate the further evaluation of es-

timated risks due to solar particle event exposures.

It is recommended that the quantity (D + Dmax)/2

be used in shield-design studies to ensure that design
exposure limits are not exceeded in actual practice.

NASA Langley Research Center
Hampton, VA 23681-0001

JuIy 1, 1993



Appendix

Rotation Representations of Astronaut
Orientation

Thisappendixgivesthedetailsontherelationship
betweenthe thicknessdistributionsof dosepoints
in the astronautto the thicknessdistributionof
the vehicle. The arealdensityabouta point 2 is
givenastx(_) and is fixed to an astronaut reference
frame for which aircraft standards are used (that is,

vertically down, k forward, and _ out the right

"wing"). The orientation angles will be taken as

standard yaw (_), pitch (0), and roll (¢). The areal
density for the point _ in the vehicle frame is then

tx[Rx(¢) R (0) Rz(¢)

We represent the rotation operation in terms of
direction cosines as

_y = Rx(¢) Ry(0) Rz(_) _ (A1)

where R represents the usual rotation matrices

(ref. 14). The three angles can be chosen for a fixed
astronaut orientation or represented through statisti-

cal sampling for which uniform distributions are used

as

¢ E U(0, 2_)

and

cosO C U(-1, 1)

¢ E U(0, 2u)

Future work will examine the statistical fluctuations

of organ doses for an astronaut in a habitat such as

Space Station Freedom.
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