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ABSTRACT

Radiation tolerance levels vary for the different wvital body organs
and, therefore, the radiation dose distribution in an astronaut may be
critical in ‘future space endeavors, This study was initiated to determine
analytically the dose distribution inside a model astronaut. The basis
of the mathematical formulation for determining this distribution is pre-
sented in this report. Particles of the ambient environment were assumed
to impinge isotropically on the APOLLO Command Module (CM). The radiation
was attenuated through a typical vehicle wall thickness and mean dose
rates at various depths in a model astronaut were calculated. Four depths
were investigated, each having approximately 175 points at which the dose
wag calculated, Two spectra were considered; one for Van Allen protons
and the other representing solar flare protons. The results are presented
in graphical form, giving dose versus depth in the model astronaut.
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INTRODUCTION

The Model Astronaut Dose Distribution Analysis (MADDA) is a mathemati-
cal analysis of space radiation dose as a function of depth in a model
astronaut, Ambient space radiation spectra are assumed to impinge on the
APOLLO Command Module (CM). The incident particles are attenuated and the
spectra are modified in passing through the various slant thicknesses of
wall material. The filtered proton spectra impinge on a model astronaut
within the vehicle. The astronaut has been represented mathematically by
two right elliptical cylinders; one cylinder representing the human torso
and the other the neck and head, The particles are further attenuated as
they penetrate the body tissue to the point in question. Radiation dose
must be determined at several points in the model in order to obtain a
mean value for a given depth. Repeating this procedure for different
depths is necessary to determine the dose distribution in the model
astronaut,

The development of the mathematical techniques and computer programs
utilized in this study are formulated in reference 1.



ENVIRONMENT

Two components of the radiative environment are utilized in this
analysis, They are the protons from the inner Van Allen zone and solar
cosmic ray everit protons. The spectrum for the Van Allen Zone protons was
developed by combining the curves of Freden and White, ref 2, and Naugle
and Kniffen, ref 3, The composite spectrum has been normalized to 1
proton em 2 sec ster™? having E > 40 Mev, and is used in differential form,
figure 1, in subsequent calculations.
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FIGURE 1 - Ambient Proton Spectrum
Within The Van Allen Zone



Because of the variability of individual solar flares, a "typical"
spectrum canncot be utilized; instead an envelope flare has been constructed
by plotting intensity versus time for most of the flares of this solar cycle
ref 4, A curve of higher intensity than the peak of any single event
represents the spectrum of an envelope flare., This spectrum has been
normalized to 1 proton cm ®ster  having E > 100 Mev for use in the dose
caleculations, This sclar flare spectrum is presented in figure 2,
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Figure 2 - Envelope Flare



APOLLO (CM) SPACE VEHICLE GEOMETRY

In this study an attempt was made to account for the stratified walls
of the APOLLO (CM), The walls of the vehicle were assumed to be laminated,
as illustrated in figure 3., Material densities and probable design thick-
nesses are also given on the figure. The thickness of the heat-resistant
material, phenolic nylon, is variable since greater thicknesses are
required on the blunt end and the lower side of the vehicle during re-entry.
The thickness of phenolic nylon is assumed to vary as [sin(Ei) 1*. The
angle y is equivalent to the angle § in a cylindrical coordinate system
with @ measured in the YZ plane. The APOLLO design dimensions were
obtained from NASA MSC, Houston, Texas,

\

Equivalent

Thickness

Layer P a Normal Thickness Weighting
Number Material g/cm Inches g/ cm® Factor
0 Phenolic Nvlon 1.20150 Variable 1.221
1 Stainless Steel Backup 7.83344 .1 1.990 0.8403
2 Thermoflex Insulation 0.03845 .5 .004883 L,0582
3 Stainless Steel Shell 7.83344 .1 1,990 0.8403
4 Aluminum Pressure Vessel 2,768 .1 .7031 1,000

Figure 3 - Typical Wall Of The APOLLO Command Module (CM)



The technique used in describing the surface of the space vehicle is
straightforward. The spacecraft is assumed to be represented by the
combination of several geometrical surfaces., Analytical expressions for
different surfaces are utilized. Spherical, conical, and toroidal surfaces
are sufficient to describe the APOLLO (CM)}. The expressions for these

surfaces are

Spherical

{x-a)® + (y-b)Y3+(z-c)® - R® = 0 (1)
Conical

? .\bf; ] Lz&..i;_a _ 0 (2)
Toroidal

[(x-a)% + y® + 2% + b® - )% -4b® (y? - 28) = 0 (3)

where the various constants are as shown in figure 4.

Figure 4 - Surfaces Available For Describing Spacecraft Geometry



In order to calculate the radiation dose at a point, the space about
this point must be divided into incremental solid angles for integration
purposes. Spherical coordinate angles § and ¢, defining rays representing
each solid angle, are utilized in the calculation., The intersection
points of these rays with the specified vehicle surfaces are then deter-
mined. The coordinates of the intersection points are given by

x = t sin © cos § (4
¥y =t sin ¢ cos B (53
Z =1t Ccos o (6)

The parameter t, in the above, is found by parametric substitution into
the equations for the various surfaces. The resulting equations are in
quadratic form and the solution for t is given by

t = -Bl=tv4§2rt_7ﬁffi
%A, (7
where
Spherical A = 1.0 (8)
B, = -2 (a sin @ cos f+b sin ¢ sin 8+c cos @) (9
C, = a® + b® + c® - R® (10}
Conical
A, = 2%b% cos®p + a®c® sin® psin® §-b3c2 sin? @
cos® § (11
B, = 2 ab® c® sin ¢ cos § (12)
C, = -a® b® c® (13)
Torocidal
A = 1.0 (14
B, = -2 [a sin ¢ cos @+b (sin?qnsinae-rcosz¢)%] (15)
C, = a® + b® - r? (16



The dose rate at a point within a satellite or astronaut will depend
upon the amount of material the radiation must penetrate to reach the
point, Material slant thicknesses representing each solid angle must be
known in order to account for the radiation attenuation. The material
slant thicknesses are calculated from the normal wall thicknesses,

The relationship between the vehicle wall slant thickness (Tg) and the
normal thickness (Tp) can be seen in figure 5,

"1','1‘, - Tnu/aol e .

Figure 5 - Wall Slant Thickness Relationship

The formulation used in determining cos @ 1is as follows:

N
cos @ = — = cos oy cos QR+ cos BN cos BR + cos Yy cos YR (17)
IN, 1R
where ¢, B, and y are the direction angles of the vector normal to the
vehicle surface (N) and the radius vector (R).
cos qp = {(x-XREF)/DEN ({18)
cos By = {y-YREF) /DEN (19)
cos y, = (z-ZREF) /DEN (20)
DEN = VEX-XREF)2 + (y-YREF)® + (z-ZREF)* (2L



where x, v =z =

coordinates of intersection point

XREF, YREF, ZREF = coordinates of point at which the dose

is to be calculated

Spherical
cos gy = (x-a) /DEN (22)
cos B = {y-b)/DEN (23)
cos vy, = (z-c)/DEN (24}
DEN = ‘/G-a)e + (y-b)% + (z-c)? (25)
Conical
cos qy = (a-x)/(a® DEN) (26)
cos By = y/(b® DEN) (27)
cos yy = 2/ (c® DEN) (28)
_ fa-x Y , [-2¥
DEN = \/(az)a + b2) +(Ce) (29)
Toroidal
cos gy = [£(x,y,2)(x-a) ]/DEN (30)
cos B, = [£(x,y,z}y-2b°y]}/DEN (31)
cos yy = [f(x,y,2)z-28 2]/DEN (32)
DEN = V{k(x,y,z)(x-a)]3+{f(x,y,z)y-2b2y12+[f(x,y,z)z-2baz]2 {33)
f{x,y,z) = (x-a)® + 2% + b® - 2 (34)

where the constants are as defined previously.

The angle g is seen to be a function of the position of the point in

the astronaut.

It must therefore be calculated for each point considered,

while the intersection points on the surface of the vehicle are calculated

only once,



MODEL ASTRONAUT

A vital part in the determination of dose distribution in an astronaut
is the calculation of self shielding. A mathematical model representing
an astronaut was devised and used to calculate tissue slant thicknesses,
These thicknesses are then used along with the vehicle wall slant thick-
nesses to determine the dose rate per steradian penetrating various solid
angles to reach a given point,

A mathematical model of an astronaut must reflect a certain amount of
the details of the human body. To reflect the flatness of the human torso
and head, yet maintain relatively simple geometry, two right elliptical
cylinders were utilized to represent the astronaut, (See figure 6.) The
larger cylinder represents the human torso while the smaller cylinder
weprasents the neck and head. The dimensions of the model are input data
in the program.

The dimensions of the model astronaut used in this study are based

on mean dimensions of U, 5, Air Force flying personnel., The torsc, head
and neck mean dimensions were obtained from ref 5, table 29-1.

E et e
] i
A = 26,257
[\ B = 14, 46"

C = 8.560"

D= L2 48"
E = 7.76"

Foa 5.60"

N

Figure 6 - Model Astronaut Based On Dimensions
0of U. 5. Air Force Flyimg Personnel



Torseo

Height = Cervical height - crotch height =
59.08 - 32.83 = 26.25" (35)

Chest Depth + waist depth + buttock depth _
3 =

Minor AxXis

9,06 + 7.94 + 8.81
3

= 8.60" (36)

Biacromial diameter + hip breadth _
> =

Major Axis

15.75 + 13.17
2

= 14, 46" (37)

Head and Neck

Height = sitting height - shoulder (acromial) height

(sitting) = 35.94 - 23.26 = 12,68" (38)
Minor Axis = Bitragion diameter = 5.60" (39)
Major Axis = Head length = 7,76" (40)

The self-shielding effects of the arms and legs are not included in this
study.

Using the mathematical model astronaut described above, the inter-
section peoints of various rays on the elliptic and plane surfaces are
calculated, This is similar to the calculations made for the wvehicle.

Since the intersection points on the vehicle surface remain constant,
the set of angles (eij and $ij) defining the rays are different for each

point, A set of angles, 8's and ¢'s, are computed according to

zi, _ ZREF
= cos-l —_3———————— {41)
P15 7 RV, .
[ 1]
, [x., - xREF
8., = cos 11 (42)
3 RV, ,sin (g, )
__1 lJ

10



where xij’ zij = coordinates of Intersection points on vehicle surface

XREF, ZREF = cocrdinates of reference point
RV., = radius vector from the reference point to a point on the

1
] surface

The equations for calculating the coordinates of the intersection points
on the model astronaut surfaces are the same as before. The expressions
for the parameter t are:

Plane
= (43)
1
A, = sin ¢ cos B + s5in @ sin § L cos @ (44)
a b c
Elliptical Cylinder
—————
By % Vbl - 48y G
t = Ty (45)
1
A, = b® cos® g + c® sin® g sin® & (46)
B, = -2 Cb® cos g -2 c® B sin ¢ sin 6 (47)
C, = b¥C® + c®B® -bH3cP (48)

The angles 6 and @ are those which are calculated by equations 41 and 42,

A major part of the computation time is concerned with determining
which intersection points are valid and which are not. Since the mathe-
matical descriptions of the surfaces are for infinite lines, planes, and
elliptical cylinders, many of the intersections are not true peints, A
test is made first to see if an intersection is on the right end of a ray.
If an intersection point is on one of the planes it must be on or within
the elliptical boundaries. Intersection points on the elliptical surfaces
must lie between the proper planes, Still other tests are made to deter-
mine if a ray passes through both the torso and the head and if so, where
it enters and leaves the head.

Once a point is found to be valid it is a simple matter to calculate

tissue thicknesses (TIS. ). .
TIS.. = WVx® + y® + 22 (49)

ij
I1f a ray passes through both torso and head the values are merely added
to get the total tissue thickness.

11



PROTON PENETRATION

The differential proton spectra, figures 1 and 2, are utilized as
input data for the Proton Shielding Program, ref 6. The incident spectra
are attenuated by various thicknesses of aluminum (in slab geometry) and
the emerging spectra of protons and neutrons are determined by the program.
Some of the spectra are shown in figure 7 along with the original Van Allen
proton spectrum for comparison. The computer program described in ref 6,
assumes that the energy of the proton may be expressed as

E(E ,X) = Ex + S(E)X E; > 200 Mev (50)
or
X )1
Xy = 1 - 2
E(E, ,X) = K R(E) Es < 200 Mev (51)
where
E(E; ,X) = the proton energy at depth X of protons having
initial energy E;, Mev,
Ec = the initial proton energy, Mev,
S(E) = the stopping power for proton of energyE,
148 5
or - 5 dx in gm/cm®,
X = depth of penetration, gm/cm®,
R(Eo) = range of proton energy Eo’
and n = exponent which is a function of material,

The above is based on ionization loss, while the inelastic collisions are
handled as

E” - Ex E” - Ex
Es = Yield °F TYiela (52

where

E = energy of emitted secondary neutron or proton,

E* = excitation energy resulting from nuclear interaction,
& ¥4 . . .
E” and = energy of proton or neutron interacting with the
nucleus,

12
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Y + Y /R (for secondary protons)
np  pn

Yield = { PP
Y R +Y (for secondary neutrons),
pn  pn nn
an = energy of emitted proton/energy of emitted neutrons,
and
Yij = ratio of j particles produced per i particle inter-

action.

The proton flux is then formulated as

13



p AE. - AX/A
P -

mp(E,X + AX) @p(E , X) AR

vy @, 0 & E @)
PP "P AE T p

74
E

A
AE

+

174 .2
Yo Lo B % F_(E")] (53)

where

Differential proton flux of protons at energy
E exiting from (X+AX) due to inelastic col-
lisions from @n(E”,X) in AX,

(E,X+AX)
CPP

Differential proton flux of protons at
energy E“ at depth X where E¥ gives rise to
secondary protons of energy E,

o
(E",X)
EPP

mn(EﬂﬂX) Differential flux of neutrons at energy E at
depth X where Ew'gives rise to secondary

protons of energy E,

}

Fraction of protons which undergo inelastic
reactions such that secondary protons escape
from AX,

F (E”)
p

y/ , . .
Fn(Eﬂa Fraction of neutrons which undergo inelastic
reactions such that secondary protons escape

from AX,
and AE’, AE”, and AE# are energy decrements which are utilized as ratios

to AE to maintain conservation of flux. These expressions give the
results illustrated on figure 7.
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DOSE CALCULATIONS

Proton dose rate calculations in this analysis are based on the Van
Allen proton spectrum, figure 1, and the envelope solar flare proton spectrum,
figure 2, The first spectrum is assumed to be constant throughout the inner
Van Allen zone and, therefore, a normalized spectrum was used in the pene-
tration calculations. The integrated flux encountered on a particular
space flight could be determined by the Trajectory and Environment Program
(ref 7) and would provide a dose multiplication constant., The envelope
solar flare spectrum represents time integrated differential flux and is
also normalized. Although a dose multiplication constant is needed for
the flare, it is not discussed here.

The Proton Shielding Program is used to determine the proton spectrum
penetrating a slab of shielding material. The program assumes that the
impinging flux is normal to the surface of the slab, similar to the illus-
tration in figure Ba, Parts b and ¢ of figure 8 depict a sphere and spheri-
cal shell of the same shielding material in isotropic flux fields, Assuming
straight-ahead pepetration, the computed dose rate at point P, is equivalent
to dose rates at points P, and P, due to the basic definition of flux. The
dose rate at Point P, , however, is quite different, since much of the
radiation arriving at this point must penetrate larger thicknesses of the
shielding material.

Calculations of radiation dose rates for each wall and tissue thick-
ness combination using shielding programs would require considerable
computer time. The approach used here has been to use the shielding
programs independently to generate curves of dose rate versus tissue thick-
ness for various vehicle wall thicknesses, These curves are then fit with
an orthogonal polynomial expression of the form

-1
In  Dose Rate = [A, + Ay e+ A, 24 L. LA 0 ] (54)

where

t = tissue thickness, g/cm®

set of coefficients which is a function of the
wall thickness

p
i

The coefficients in the above expression have been determined for several
thicknesses of aluminum, Six terms were used in this study and the results
for Van Allen protons are given in table 1. Figure 9 illustrates the curves
which are represented by the ten sets of coefficients in table 1.

15
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Figure 8 - Flux Geometry Relationships

In general, the calculated wall slant thicknesses will fall between
two of the fitted curves, A good approximation of dose rate for each wall-
tissue thickness combination is found by interpolation between the adjacent
curves. In the event that the calculated wall thickness is oputside the
range of the input values, the curve corresponding to the nearest thick-
ness is used.

The total dose rate at a given point is found by summation over all
space utilizing the expression

D =% D, AQ, (35).

where
= dose rate per steradian about point n

D,
i
ﬂQij = incremental solid angle about point n

16
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The procedure is then repeated for several points on a surface at a given
depth, After calculating the dose rate at a specified number of points
the mean dose is determined for this depth in the model astronaut., The
points are assumed to represent areas on a surface and the mean dose rate
is found by

= n
¢ Ta_ (56)
n
n
where
Bt = mean dose rate at depth t in the model astronaut
Dn = calculated dose rate for nth point on surface at depth t
An = area of surface at depth t represented by nth point

1073,
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Figure 9 - Dose Rate Versus Depth In Tissue
Due To Van Allen Protons After
Passing Through Various Thicknesses
Of Aluminum
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RESULTS

Dose distributions in the model astronaut due to Van Allen protons and
solar flare protons have been determined for the model located at the
center of the APOLLO (CM). Mean doses were calculated for four different
depths in the model, wtilizing approximately 175 points at each depth and
342 solid angles about each point., The resulting dose distributions are
presented in figures 10 and 11,
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Figure 10 - Model Astronraut Dose Distribution
Due to Van Allen Protons Filtered
By The APOLLO (CM}
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