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Calculated results are presented to aid in the deign of the shielding required to protect astronauts 
in a space station that is orbiting through the Van Allen proton belt. The geometry considered - a 
spherical sheli shield with a spherical tissue ph,mtom at its center - is orily a very approximate 
representation of an actual space station, but this simple geometry makes it possible to consider a wide 
range of possible shield materials. Both homogeneous and laminated shields are considered. Also, an 
approximation procedure - - the equivalent thickness approximation - that allows dose rates to be 
estimated for any shield material or materiais froin the dose rates for an aluminum shield i s  presented 
and discussed. 

V 
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1. Intraduction 

The selection of shielding materials for use in nanned space stations requires that the absorbed dose 
rate and dose equivalent rate received by the astronauts be determined as a function of the thickness 
and composition of candidate shield materials. The selection of the shield configuration is driven by 
several factors including the specified dose constraints to the spacecraft occupants and the shield weight 
limitations imposed by the lift capability of the launch vehicle. i n  this report, the performance of 
various candidate rnateriols for protecting astronauh against Van Allen Belt protons are examined. The 
proton spectrum that is used is typical of the spectrum that will be incident on a space station in a low 
earth orbit that passes through the South Atlantic anomaly. 

The absorbed dose and dose equivalent rates have been calculated under the assumptions that the 
attenuation of the incident protons due to nuclear collisions and ;dl secondary particles produced by 
nuclear collisions in the shield and in  tissue may Ix neglected. These assumptions were considered in 
detail in Kefs. I and 2 and were shown to give reliable results for th in  shields (<20 g/cni2) such as 
those considered in this report. 

The absorbed dose and dose equivalent rates as a function of shield thickness have been estimated 
for both homogeneous and laminated shield geometries. The results obtained for the homogeneous 
shield configurations are intended to demonstrate the relative merits of the various candidate materials 
as a function of shield thickness while the data obtained for the laminated geometries reflect the merits 
of the shield assemblies with fixed dimensions ard provide assessment of the shielding effectiveness 
versus weight. 

The spacecraft-astronaut geometry, incident Van Allen Belt spectrum, and the methods of 
calculation are described in Sec. [ I .  I n  Sec. 111 the results for both homogeneous and laminated shiefds 
are presented and discussed. In Sec. IV an approximation procedure is presented that enables dose 
rates to be estimated for any laminated shield configuration without significant additional computation. 
In Appendix A calculated dose rates similar to those presented in the body of the paper, but for a 
somewhat different proton spectrum are given. In 4ppendix €3 a typical example of the stopping power 
data used in the report is presented. 

11. Geometry, Incident Spectrum, and Methods of Calculation 

A schematic diagram of the geometry used to simulate a "spacecraft-astronaut" configuration is 
shown in Fig. 1. In the calculations reported here, the inside radius of the spherical shell was taken to 
be 150 cm so the shielded volume is the same for all cases considered. The dose rates are calculated at 
the center of tissue spheres having radii of 0.0, 1.0, and 15.0 g/cm2 to estimate the dose rates to the 
skin, eyes, and midline of the body, respectively. The composition of the tissue is the same as that used 
in Ref. 1 and is given in Table 1. 
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TABL'E 1 

Compositioii of Tissue 
(Density - 1.0 g/em3) 

Number Density of Nuclei 
Element (NO./CIII -3) 

H 5.265 - Id2 

C 9.398. 1021 

N 1.342. lo2' 

0 2.551 - 

Table 2 gives the compositions of the various shield materials that are studied. 

The incident Van Allen Belt proton spectrum used was supplied by Martin Marietta Micboud 
Aerospace and is given in Table 3.3 This spectrum corresponds to an orbit of 250 nautical miles at an 
inclination to the equatorial plane of 28.5'. The spectrum was obtained by processing trapped proton 
data provided by the National Space Science Data Center (AP8 proton distribution) over an orbital 
integration time of one day using a code designated as PD-202. The method of obtaining this spectrum 
is consistent with the recommendations of the minutes of the Space Station Radiation Panel Meeting of 

(see also Ref. 5) .  

The absorbed dose rates and dose equivalent rates as a function of shield thickness for homogeneous 
shields were calculated using the TRAPP6 code. This code solves numerically the primary proton 
transport equation with attenuation due to nuclear collisions either included or neglected and calculates 
by numerical integration the absorbed-dose and dose-equivalent rates at the center of the tissue sphere 
shown in Fig. 1. In the work reported here, nuclear collisions are neglected and only the slowing down 
of the primary protons is considered since in Ref. 1 this was shown to give reliable results. The primary 
particles are assumed to travel in straight lines and undergo continuous slowing down. The effects of 
multiple Coulomb scattering and range straggling are neglected since these effects have been shown to 
be negligible in space-shielding cal~ulations.~ The stopping power data for TRAPP were calculated 
using the SPAR8 code. The stopping powers calculated for the graphite/epoxy mixture (see Table 2) 
are given in Appendix B. These data are included for the purpose of showing a typical output 
generated by the SPAR code. The quality factor as a function of linear energy transfer used in 
TRAPP is that used in Ref. 1. In all of the TRAPP calculations the proton flux given in Table 2 was 
assumed to be isotropically incident on the shield. 

The absorbed dose rates and the dose equivalent rates for the laminated shield configurations were 
This code has been 
HETC is primarily 

calculated using the high-energy nucleon-meson, Monte Carlo code HETC9 
described in detail e l s e ~ h e r e ' ~ ~ ~ ' ~  and, therefore, will not be discussed here. 
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TABLE 3 

Van Allen Belt Mereatid Proton Flux Used in the Calculations 
(Corresponds to an orbit of 250 nm at an mclination to the quatorial 

plane of 28.5' and a time average of 1 day,) 

Proton Ewrgy Differemtial Proton Flux 
(MeV) (protm/cm2/d/MeV) 

1.00.10-' 
2.00.10-' 
3.00.10-' 
4.00. IO-'  
5.00. IO-' 
6.00. lo-' 
7.00.10-' 
8.00. IO-' 
9.00.10-' 
1.00.100 
2.00. loo 
3.00.100 
4.00. loo 
5.00.lOO 
6.00. 10' 
7.00.100 
8.00. IOo 
9.00.100 
1.00-10' 
2.00.10' 
3.00.10' 
4.00.10' 
5.00.10' 
6.00.10' 
7.00.10' 
8.00.10' 
9.00 - 10' 
1.00.102 
2.00.102 
3.00.102 
4.00. IO2 
5.00.1 O2 
6.00.1 O2 
7.00. lo2 
8.00.102 
9.00.102 
LOO. 103 

2.79.105 
1.62. lo5 
1.62. los 
1.70. lo5 
1.59. IOs 
1.30. lo5 
1.27. IO5 
1.27. IOs 
1.26. io5 
3.77.104 
2.53. io4 

2.53.104 
2.49.104 
2.79. io4 
2.72.104 
2.71. io4 
2.67.104 

1.53. io4 
1-54. io4 
1.58. io4 
1.42.104 
1.28. ro4 
1.16. io4 

1.14. io4 
4.03.103 
1.39.103 
4.72.10) 

2.55. IO4 

1.99.104 
1.52. lo4 

1.05. lo4 

1.60. IO2 
5.04. IO' 
6.42-10' 
4.84- 
0.00 
0.00 
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i n te~dcd  to carry out the transport of high-energy nucieonns and mesons and the nuclear ceection 
products produced by nucleons and pio9is. To obtain the resiilts reported here, MEI'C has been 
modified so that only unattenuated primary protons are considered. The pcint of irfing HETC IS that it 
will tre;lt lamkited shields. while I M APP cannot without mcdification treat such shields. The sko;.ping 
power data, and the quality factors used in E I E X  are the same a s  those i isd in TRAPP. Because 
WETC uses Monte Carlo methods thc dose rates calculated ~ i b h  IIETC have a slightly different 
meaning from those calculated with TRAPP. In YRAI'P the dose rates &re calculated at the geometric 
center of thc tissue phantom while in HETC thc dose rates are averaged over the central, 1 cm radius, 
region of thc tissue phantom. Alsnp since ME'L'C latilkes Monte Cailo methods, the calculated results 
arc subject to some statistical uncertainty, but in tne case considtred here the incident proton were 
biased In the direction of thc central, 1 cm radius, region of the tissue phantom' and the statistical 
uncertainty on the results presented in Fig. 2 arc smaller than the size of the plotted points. The good 
agreement between the TRAPP and FETC dose rates in rig. 2 indicates the slight diffcrence in 
meaning between the TRAPP and HETC dose rates does not lead to significant nuincrical difference. 

In the HETC calculations as in the lKAPP calculations, the incident protom were taken to be 
isotropically incident on the outer surface of the shield. In Fig. 2 the dose rates as ftnaictions of 
aluminuni shield thickness calciilated with IIEP'C and TRAPP are compared. The rcsults of the ~ W Q  

calculations are in excellent agreement as they should he. 

In Tables 4-14 the absorbed-dose rates and the dose equivalent rates as functions of shield 
thicknesses for homogeneous shields are given. The shield material considered i s  specified in each of 
the tables. Results for each of the materials specified in Table 2 are given in one of the tables between 
4 and 14. Shield thicknesses of 2 to 20 g/cm2 have been considered. In each of the figures the dose 
rates are given at the center of spherical tissue phantom (see Fig. 1) with radii of 8.0, 1.0, and 15.0 
g/cm2. I'he results of Tables 4-14 are for the incident proton spectrum shown in Table 2 isotropically 
incident on the shield. 

The ratio of the dose equivalent rate to the absorbed dose rate for a givern shield material and 
thickness and a given tissue radius i s  not large but does depend oii material and thickilesses. This ratio 
varies between approximately 1.1 and 1.3  for the results shown in Tables 4 to 14. This variation is due 
to the fact that the dose equivalent rate i s  calculated using a quality factor that is a function of linear 
energy transfer.' 

In  Tables 4 to 14 the dose rates vary appreciably with shield and tissue thickness but do not vary 
strongly with shield material. This is because shield thicknesses in the tables have heen specified in 
g/cm2 and the shielding effectiveness of materials against high-encrgy protons is much more 
comparable on a g/cm2 basis than on a cm basis. 

The geometry considered in this subsection is that shown in Fig. 1, but the shield is composed of 
Izyers of diffcrent materials. The shield configuration is specified in Table ! 5 ,  The aluminum and void 
regions are kept constant and the thickness of the region containing the "filler" material i s  held 
constant, but various filler materials are considercd. All of the results are foi the differential proton 
fhlx in Table 3 isotropically incident on the shield. 
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SHIELD THICKNESS (g/crn2) 
Fig. 2. Comparisons of absorbed dose rates obtained with TRAPP and HETC for aluminum shields. 
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2.0 
3.0 
5.0 
7.0 
10.0 
15.0 
20.0 

0.290 
0.249 
0.195 
0.164 
0.131 
0.092 
0.07 1 

__ .......... ____ ___ ....... .- 

0.243 0.075 0.361 0.297 0.085 
0.214 0.072 0.307 0.256 0.08 1 
0.175 0.065 0.233 0.206 0.074 
0.151 0.059 0.193 0.177 0.068 
0.1 19 0.05 1 0.154 0.139 0.058 
0.086 0.039 0.106 0.098 0.044 
0.061 0.03 1 0.08 1 0.076 0.035 

.......... .......... _..__ __ ..... .- 

......... ..... .- - ....... ..... ~. ........... 

Shield Tissue Absorbed Dose Rate 

(!z/cm2) ( g / c d )  = 0.0 1 .o 15.Q 0.0 1.0 15.0 
Thickness Wadisas ( r a w 4  (rem/d) 

............ ____ .......... . - .......... 

2.0 
3.0 
5.0 
7.0 
10.0 
15.0 
20.0 

0.305 0.2.54 0.076 0.385 0.313 0.086 
0.268 0.225 0.073 0.337 0.273 0.083 
0.2 12 0.187 0.067 0.258 0.221 0.076 
0.179 0.162 0.062 0.214 0.190 0.070 
0.148 0.134 0.054 0.176 0.157 0.062 
0.106 0.097 0.043 0.124 0.112 0.049 
0.082 0.076 0.034 0.094 0.087 0.039 
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TABLE 6 

Absorbed Dose Rates and Dase Eqdvalent Rates at the Center of Tissue Phantoms 
of Radii 0.0, 1.0, and 15.0 g/cm2 QS a Function of Shield Thickness 

Shield Material = Iron 

__I___ 

Shield Tissue Absorbed D m  Rate Dose Equivalent Rate 

( g / c d  (g/cm2) = 0.0 1.0 15.0 0.0 1 .0 15.0 
Thickness Radios (rad/di (rem/d) 

2.0 
3.0 
5.0 
7.0 
10.0 
15.0 
20.0 

0.321 0.263 0.077 0.420 0.325 0.087 
0.286 0.235 0.074 0.371 0.287 0.084 
0.230 0.197 0.068 0.290 0.235 0.078 
0.194 0.172 0.064 0.240 0.202 0.872 
0.161 0.146 0.057 0.196 0.171 0.065 
0.020 0.108 0.046 0.144 0.125 0.053 
0.092 0.085 0.038 0.1 10 0.097 0.043 

TABLE 7 

Absorbed Dose Rates and Dose Equivalent Rates at the Center of Tissue Phantoms 
of Radii 0.0, 1.0, and 15.0 g/cm' 8s a Function of Shield Thickness 

Shield Material = Copper 

~- ~~ ~ 

Shield Tissue Absorbed Dose Rate Dose Equivalent Rate 
Thickness RftdiW (rad/(#) (remldt 

(g/cm2) (gm/cm2) = 0.0 1 .o 15.0 0.0 P .O 15.0 

2.0 
3.0 
5.0 
7.0 
10.0 
15.0 
20.0 

0.325 0.265 0.077 0.428 0.328 0.087 
0.290 0.238 0.074 0.379 0.290 0.084 
0.234 0.200 0.069 0.298 0.238 8.078 
0.198 0.174 0.064 0.244 0.205 0.073 
0.164 0.148 0.058 0.200 0.174 0.066 
0.123 0.1 10 0.047 0.150 0.128 0.054 
0.095 0.087 0.038 0.1 14 0.100 0.044 



TABLE 8 

2.0 
3.0 
5.0 
7.0 
10.0 
15.0 
20.0 

0.270 0.230 0.074 
0.227 0.200 0.070 
0.177 0.162 0.062 
0.148 0.136 0.056 
0.111 0.103 0.046 
0.078 0.074 0.034 
0.059 0.056 0.026 

0.329 0.278 0.084 
0.2711 0.238 0.079 
0.285 0.189 0.07 1 
0.172 0.140 8.063 
0.128 0.1 19 0.052 
0.088 0.084 0.038 
0.066 0.634 0.030 

TABLE 9 

Ahsorbed Dose Rates and Dose E ~ ~ ~ v ~ ~ ~ ~ t  Rates at the Center sf Tissue Phaant 
ii 0.0, 1.0, and 15.0 g / c d  as a F ~ ~ c ~ ~ a ~ ~  oaf Shiel 

Shield Materid = Gr 

2.0 
3.0 
5.0 
7.0 
10.0 
15.0 
20.8 

0.287 0.242 0.075 0.356 0.295 0.085 
0.246 0.212 0.072 0.301 0.254. 0.081 
0.193 0.174 0.065 0.229 0.284 0.074 
0.162 0.150 0.053 0.190 0.116 0.067 
0.129 0.1 17 0.050 0.151 0.136 0.057 
0.090 0.085 0.038 0.104 0.096 0.043 
0.069 0.066 0.030 0.079 0.075 0.034 
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TABLE 10 

Absorbed Dose Rates and Dose Equivalent Rates at the Center of Tissue Phantoms 
of Radii 0.0, 1.0, and 15.0 g/cm2 as a Function of Shield Thickness 

Shield Material = Kevfar 49 

- ~ ~~ 

Shield Tissue Absorbed Dase Rate Dose Eqrtivalent Rate 

(e;/cm2) (g/cm2) = 0.0 1 .o 15.0 0.0 1.0 15.0 
Thickness Radius ( W d )  (rem/4 

2.0 
3.0 
5.0 
7.0 
10.0 
15.0 
20.0 

0.284 0.240 0.075 0.350 0.292 0.085 
0.242 0.210 0.07 1 0.295 0.252 0.08 1 
0.190 0.172 0.065 0.224 0.202 0.073 
0.160 0.148 0.058 0.186 0.174 0.066 
0.126 0.1 15 0.050 0.146 0.133 0.057 
0.088 0.082 0.038 0.100 0.941 0.042 
0.067 0.064 0.030 0.076 0.727 0.033 

TABLE 11 

Absorbed h e  Rates and Dose Equivalent Rates at tbe Center of Tissue Phantom 
of Radii 0.0, 1.0, and 15.0 g/cm2 as a Function of Shield Thickness 

Shield Material = Kevlar 49IEpoxy 

Shield Tissue Absorbed Dose Rate Dose Equivalent Rate 

(g/cm2) (g/cm2) = 0.0 1.0 15.0 0.0 1 .o 15.0 

Thickness Radius (rad/d) (rem/d) 

2.0 
3.0 
5.0 
7.0 
10.0 
15.0 
20.0 

0.284 0.239 0.075 0.349 0.292 0.085 
0.242 0.210 0.07 1 0.294 0.251 0.08 1 
0.189 0.171 0.064 0.223 0.201 0.073 
0.160 0.148 0.058 0.186 0.173 0.066 
0.125 0.1 14 0.049 0.146 0.133 0.056 
0.088 0.082 0.037 0.100 0.094 0.042 
0.067 0.064 0.03Q 0.076 0.072 0.033 



2.0 
3.0 
5.0 
7.0 
10.8 
15.0 
20.0 

0.292 0.246 0.075 0.363 0.300 0.086 
0.252 0.216 0.072 0.310 0.259 0.081 
0.198 0.177 0.056 0.236 0.208 0.074 
0.166 0.153 0.060 0.195 0.179 0.068 
0.134 0.122 0.052 0.157 0.142 0.058 
0.091 0.088 0.039 0.108 0.100 0.045 
0.072 0.068 0.031 0.082 0.078 0.035 

TABLE 13 

Tissue 
( r a w )  

0. 1.0 15.0 0.0 1 .o 15.0 

2.0 
3.0 
5.0 
7.0 
10.0 
15.0 
20.0 

0.259 0.230 0.074 0.3 28 0.278 0.084 
0.226 0.200 0.070 0.270 0.238 0.0'79 
0.176 0.162 0.052 0.205 0.189 0.07 1 
0.148 0.136 0.055 0.172 0.159 0.063 
0.111 0.103 0.046 0.127 0. I19 0.052 
0.077 0.074 0.034 0.087 0.834 0.038 
0.058 0.055 0.026 0.066 0.063 0.030 

......... .._-.__ ...... ___ .... ........ I_ ____ 



TABLE 14 

Absorbed Dose Rates and Dose Equivalent Rates at the Center of Tissue Phantoms 
of Radii 0.0, 1.0, and 15.0 g/cm2 as a Function of Shield Thickness 

Shield Materid = Spectra 94H)/Epoxy 

Shield Tissue Absorbed Dose Rate Dose Equivalent Rate 

(g/cm2) (g/cm2) = 0.0 1 .o 15.0 0.0 1.0 15.0 
Thickness Radius (rad/4 (redd) 

2.0 
3.0 
5.0 
7.0 
10.0 
15.0 
20.0 

0.275 0.233 0.074 0.336 0.283 0.084 
0.232 0.204 0.070 0.279 0.243 0.080 
0.181 0.165 0.063 0.212 0.193 0.072 
0.153 0.140 0.057 0.177 0.165 0.064 
0.1 16 0.107 0.047 0.134 0.124 0.054 
0.081 0.077 0.035 0.092 0.087 0.040 
0.062 0.059 0.028 0.070 0.067 0.03 1 

TABLE 15 

Laminated Shield Configuration 
(The filler material in the table may be any of the materials in Table 2) 

Region 
Outer 
Radius 
(cm) 

Region 
Thickness 

(em) Material 

1 50.3a 
152.5 
158.9 
161.2 
161.4 

0.3 
2.2 
6.4 
2.3 
0.2 

Aluminurn 
Void 
Filler 
Void 

Aluminum 

aThe inner radius of this region is 150.0 cm. 



In Table 16 the absorbed dose rates and the dose equivalent rates for tissue spheres of radii 1.0 and 
15.0 g/cxn2 and for the various filler materials are given. The calculated results given in Table 16 were 
obtained using Monte Carlo methods and the dose rates are average dose rates ovcr a tissue sphere of 
radius 1.0 g / c d  at the center of the configuration. This is in contrast to the dose rates given in 'I'ables 
4-14 where the calculated values are the dose rates at the gecnictric center of the tissue sphere (see 
discussion concerning Fig. 2). Since the results in Tabie 16 were obtained using Monte Carlo methods 
they arc subject to statistical uncertainty. The statistical uncertainty, i.e., k one standard deviation, 
expressed in percent is given in Table 16 for the absorbed dose rates. Similar errors are not shown for 
the dose equivalent rates, but they are of the same order of magnitude as those for the absorbed dose 
rates. 

The ratio of the dose equivalent rate to the absorbed dose rate for a given shield and tissue 
configuration in Table 16 is of the order of 1.1 to 1.2 as in Tables 4-14, but there is more uncertainty 
in these ratios in Table 16 because of the statistical uncertainty in the dose rates. 

C. Effect of I ~ t ~ r ~ ~ a ~ ~ ~ ~ g  the Order of Materials in a Lami 

In principle, even with thicknesses unchanged, the order in which the material occurs between the 
radiation source and the dose point will have an effect on the dose rates. That is, a shield of x cm of 
copper followed by y cm of aluminum does not give the same dose rate as a shield of y cm of aluminum 
followed by x crn of copper. To indicate the magnitude of this effect, calculated results for a specific 
example are given and discussed in this subsection. 

TABLE 16 

Filler 
Material Tissue 

FiBkP T ~ ~ ~ ~ ~ e s ~  WatdiZlS 

... 15.8 1.8 15.8 
.~ ___. 

Material 1 .o 
. . . . .. . . . . 

Graphite Epoxy 10.2 
Kevlar 49 Fiber 9.3 
Kevlar 49 Epoxy 8.7 
Glass Epoxy 12.2 
Spectra 900 6.2 
Spectra 900 Epoxy 7.0 

0.108 4 3.5%' 0.042 ? 7.4% 0.120 0.046 
0.136 +- 2.8% 0.052 -t 5.9% 0.155 0.059 
0.133+0.3% 0.052+- 1.7% 0.147 0.059 
0.102&7.8% 0.042+3.2% 0.118 0.046 
0.142+-0.3% 0.055?9.5% 0.161 0.063 
0.130?0.6% 0.059+0.9% 0.147 0.066 

aThe dose rates in the table have been averaged over the central region central region (radius = 1 
g/cm2) of the tissue phantoms. 
bSee Table 15 for details of shield configuration. 
'The percentages shown are the statistical uncertainty, .t one standard deviation, expressed in %. 



The geometry is again that shown in Fig. 1 and the shield configurations are given at the bottom of 
Table 17. As indicated in the table, the configurations A and B have the same dimensions but the 
ordering of the materials is different. Calculations have been carried out for the differential proton flux 
given in Table 2 isotropically incident on both configurations and for a tissue sphere with radius of 15 
g/cm2. The absorbed dose rates and the dose equivalent rates are given at the top of Table 17. The 
dose rates for the two shield configurations are very similar and thus the interchange of the ordering of 
the materials has only a small effect. The results in Table 17 are for a specific but typical case, so in 
general, the ordering of materials in a shield can be expected to have only a negligible effect on the 
calculated dose rates. 

IV. Eguivalent Thickness Approximation 

It is often convenient to obtain an estimate of the shielding thickness required for a laminated shield 
of various materials without performing detailed calculations. In  Ref. 1 an approximate procedure, 
called the equivalent thickness approximation, for obtaining such estimates was presented and the 
validity of the procedure was tested by comparing the approximate dose rate results with detailed dose 
rate results obtained with TRAPP. In this section the approximate procedure is described and 
demonstrated. 

Basically, the equivalent thickness approximation is a method for converting any material to an 
equivalent thickness of a comparison material so that dose rates for any laminated shield may be 
obtained from dose rate results for a shield of the comparison material. The geometry that will be 
considered is that used throughout this report and shown in Fig. 1. 

The basic equations of the approximation are 

where 

and 

r, = the equivalent thickness in g/cm2 of the comparison material, 

N = the number of materials that an incident proton passes through in 
going from the outside of the shield to the dose point, 

rj = the thickness of material j in g/cm2, 

Sj(E) == the stopping power in MeV/g/cm2 at energy E of a 
proton in material j, 

SJE) = the stopping power in MeV/g/cm2 at energy E of a 
proton in the comparison material, 

E, = a fixed energy that must be chosen before the approximation can 
be used (see below). 
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TABLE 17 

Absorbed Dose Rate 

___ 

Configuration A 
Configuration B 

0.045 -t- 0.6%" 
0.044 k 0.6% 

0.05 1 
0.048 

Region Outer Region 
Radius Thickness Material 

Configuration B ......... (Cnl) (cm) ......... Configuration A .. 

150.3 
150.6 
152.5 
155.7 
158.9 
161.0 
161.2 
161.4 

0.3 Aluminurn 
0.3 Poiyeth ylene 
1.9 Void 
3.2 Graphite/Epoxy 
3.2 Kevlar 49/Epoxy 
2.1 Void 
0.2 Polyethylene 
0.2 Aluminum 

Polyethylene 
Aluminum 

Void 
Kevlas 49/Epoxy 
Graphite/Epoxy 

Void 
Aluminum 

Polyethylene 

~ 

"The percentages shown are the statistical uncertainty, k one standard deviation, expressed in %. 

TABLE 18 

Values ob the Kd's defined in Eq. (2) for all of the materials 
c~nsidered in this report when the c o ~ ~ a r i $ o ~  material i s  chosen to 

Shield 
Material 

B,j When 
arisom Material = AI 
E, = 50 MeV 

Carbon 
Aluminum 
Iron 
Copper 
Polyethylene 
Graphite/Epoxy 
Kevlar 49 Fiber 
Kevlar 49/Epoxy 
Glass/Epoxy 
Spectra 900 

Tissue 
Spectra 900/Epoxy 

1.16 
1 .oo 
.88 
.76 

1.28 
1.18 
1.22 
1.23 
1.13 
1.40 
1.33 
1.29 
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There are several features of Eqs. (1) and (2) that should be noted. After the comparison material and 
the energy E, are chosen, the quantities kj for each j is constant and for any sequence and thickness of 
materials r, has a definite value. The statement is then that for any incident proton spectrum the dose 
rates at the center of a spherical shell shield of tht: comparison material of thickness re is the same as 
the dose rates at the center of laminated spherical shell shield specified by the r;s. In calculating r, for 
a set of rj(s, the sequence in which the r;s occur does not enter so in this approximation interchanging 
materials in a laminated shield does not change the dose rates. 

In principle, there is a wide range of choices for the comparison material and the energy E,, but not 
all choices will lead to equally good approximations. In Ref. 1 it was found that using aluminum as the 
comparison material and an E, of 50 MeV lead to good results for the type of proton spectra of interest 
in space shielding; these are the values used here. In Table 18 the values of & . s  for the material, 
including tissue, used in this report are given, and in Table 19 the absorbed dose and dose equivalent 
rates for an aluminum shield and no tissue are given. The values in Table 19 were obtained with 
TRAPP and correspond to the incident proton spectrum described previously. 

As the first application of the approximation th.5 dose rates for a shield of a specific material and a 
15 g/cm2 tissue sphere will be considered. Each of the materials in Table 18 will be considered to be 
the shield material. The results are shown in Table 20. The TRAPP results are those given previously 
and the equivalent thickness approximation results were obtained by linear interpolation in Table 19 
using the r, values obtained from Eqs. ( I )  and (2) and with the K,j values of Table 18. The rc values 
are also given in Table 20. 

The results in Table 20 indicate the range of validity of the approximation for the materials 
considered in this report. In general, the approximation is valid to within a few percent, but errors of 
the order of 10% (note the comparisons in the case of copper) can occur. In general, the approximation 
becomes less valid as the shield thickness increases and is more valid for the absorbed dose rate than for 
the dose equivalent rate. 

As a further application of this approximation the laminated shields considered in Sections 3.B and 
3.C will be considered. In Table 21 the results given in Tables 16 and 17 are repeated along with the 
comparable results given by the approximation. The equivalent thickness rc obtained by using the 
results in Table 18 is also given for each case in Table 21. The errors due to the approximation are, in 
general, larger in Table 21 than in Table 20, but they are for many practical purposes acceptable. It 
should also be remembered that there are statistical uncertainties associated with the HETC results and 
thus some of the errors shown in Table 21 may be due to these uncertainties and not to the use of the 
equivalent thickness approximation. 
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TABLE 20 
Comparison of dose rates obtained with TRAPP with those given by 

the equivalent thickness approximation 
(The geometry is that sbown in Fig. 1 with a tissue sphere of thickness of 

15 g / c d . )  

Obtained 
witb TRAPP 

Obtained 
with Equivalent 

Tkikkaess Approx. 

Shiekl Shield Absorbed Dose Equivalent Albsorbed Dose 
Material Thickness Dose Quivalent l p i C k n e s S  Dose Equivalent 

Rate Rate of (re) Rate Rate 

g/cm2 rad/d rem/d o m X  r d / d  remid 

Carbon 

Aluminum 

Iron 

Copper 

Polyethylene 

Graphite/Epoxy 

Kevlar 49 Fiber 

Kevlar 
49/Epox y 

Glass/Epoxy 

Spectra 900 

Spectra 900/Epoxy 

5.0 

10.0 

5.0 

10.0 

5.0 

10.0 

5.0 

10.0 

5.0 

10.0 

5.0 

6.53. 

5.46. loW2 

6.86. 

5.76. 

6.25. lom2 

5.04. 

6.46. 

4.95.10-2 

6.56. 

4.57.10-2 

6.31 - 

7.41. lo-’ 

6.22. lop2 

7.78. 

6.55. 

7.10. lo-’ 

5.’75.10-2 

7.33.10-2 

5.64.10-2 

7.44.10-2 

5.21 lo-’ 

7.17. lo-’ 

25.2 

29.4 

23.8 

21.0 

25.8 

31.2 

25.4 

31.6 

25.0 

33.4 

26.0 

6.56. IO-* 
(0.4%). 

5.50. 
(0.7%) 

6.98. 
(1.7%) 

6.10- IO-* 
(5.9%) 

6.41 -lo-’ 
(2.6%) 

5.07 + IO-’ 
(0.6%) 

6.50- 
(0.6%) 

4.98. 
(0.6%) 

6.61 a lo-* 
(0.7%) 

4.58. lo-’ 
(0.2%) 

6.35 - 
(0.6%) 

1.54. 
(1.8%) 

6.35- lo-’ 
(2.1%) 

8.03. lo-’ 
(3.2%) 

7.03. 
1 1.4%) 

7.37 * -2  
(3.8%) 

5.86. 
(1.9%) 

7.48. 
(2.0%) 

5.75-10-2 
(2.096) 

(2.0%) 

(1.1%) 

(2.0%) 

7.60. to-* 

5.27. lo-’ 

7.32. lo-’ 

‘The values in parentheses under each approximate dose :ate are the percentage difference between the approxi- 
mate value and the TRAPP value. 
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APPENDIX A 

In the body of the report a variety of results were presented for the incident Van Allen proton belt 
differential flux specified in Table 3. Before this spectrum became available, similar results had been 
obtained for the spectrum shown in Table A.l and these results are presented in this Appendix. This 
spectrum was supplied by Martin Marietta Aerospace.' The spectrum shown in Table A.2 is higher, by 
approximately a factor of 2, than that used in the body of this report, and is generally believedcs to be 
an overestimate of the one day differential proton flux spectrum for an orbit of 250 nautical miles at an 
inclination to the equatorial plane of 28.5". 

In Tables A.2 through A.12 the absorbed dose rates and dose equivalent rates for homogeneous 
shields of each of the materials specified in Table 2 are given. In Table A.13 the absorbed dose rates 
for the laminated shields considered in Section TI1.B are given. For these laminated shields, dose 
equivalent rates were not obtained and only results for a 1 cm radius tissue sphere were obtained. 
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TABLE A.1 

Van Allen Belt ~ ~ f f e r e ~ ~ ~ ~ ~  Proton Flux 
Lain the Results Given in T 

- --- --......-..-~-_..___I....._____. 

Proton Energy Differential Proton Flux 
(MeV) (protms/cm2/d/MeV 

llI__.-.....-.-_..- - ~ ~ _ _ I _ _  

l.OO.lOo 6.21. 10' 
2.00. IO0 3.34.105 
3.00.10° 3.33. io5 
4.00 1 oo 3.30.105 
5.OO.1O0 3.28-10' 

2.64" 105 6.00.10O 
2.63.105 7.00.10° 

2.62. io5 8.00. IOo 

2.61. io5 9.00.10O 
1.00.10' 

2.00.10' 7.33. io4 

5.00.10' 7.04.104 

7.00.10' 7.69.104 
8.00. I O '  7.57.104 

8.16- lo4 

1.23. lo4 3.00.10' 

4.00.10' 7.13.104 

6.00.10' 7.81 - lo4 

9.00.10' 7.46.1 O4 
1.00. lo2 5.85. IO4 
2.00. lo2 4.12.104 
3.00.102 3.90.1 o4 
4.00- IO2 3.54.104 
5.00- lo2 3.81.104 
6.00.102 3.43.104 

3.09. io4 7.00.1 o2 
8.00.1 O2 2.79. I O 4  
9.00. IO2 2.52. io4 
1.00.103 2.58. 1Q4 

8.91. IO3 2.00.1 o3 
3.00. io3 3.17 - lo3 
4.00.1 o3 1.15.103 
5.00.103 4.24. IO2 

1.56. lo2 6.00- lo3 

7.00.103 5.22.10' 

1.06.10° 
8.00.103 6.73 * 100 
9.00.103 

LOO. 104 0.0 
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TABLE A.2 

Absorbed Dose Rates and Dose Quivaknt Rates a t  the Center of Tissue ]Phantoms 
of Radii 0.0, 1.0, and 15.0 g/cmr as Functions of Shield Thicknesses 

Shield Material 5 Carbon 

Sbield Tissue Absorbed Dose Rate Dose Equivaleat Rate 

(s/cm2) (g/cm2) = 0.0 1.0 15.0 0.0 1 .o 15.0 
Thickness Radius ( r W 4  (rem/d) 

2.0 
3.0 
5.0 
7 .O 
10.0 
15.0 
20.0 

0.68 1 0.573 0.171 
0.587 0.501 0.163 
0.456 0.406 0.148 
0.378 0.345 0. I34 
0.297 0.270 0.114 
0.209 0.195 0.088 
0.162 0.153 0.071 

0.846 0.703 0.194 
0.727 0.604 0.186 
0.547 0.480 0.169 
0.446 0.405 0.153 
0.349 0.314 0.129 
0.240 0.223 0.099 
0.185 0.174 0.080 

TABLE A3 

Absorbed Dose Rates and Dose Equivalent Rates at the Center of Tissue Phantoms 
of Radii 0.0, 1.0, and 15.0 g/cm2 as Functions of Shield Thicknesses 

Shield Material = Aluminum 

Shield Tissue Absorbed Dose Rate Dose Equivaleat Rate 

(g/cm2) @/em2) = 0.0 1 .o 15.0 0.0 1.0 15.0 
Thickness Radius (rad/d) ( r e d d )  

2.0 
3 .O 
5.0 
7.0 
10.0 
15.0 
20.0 

0.714 0.600 0.174 0.899 0.742 0.197 
0.633 0.529 0.166 0.799 0.643 0.189 
0.497 0.435 0.153 0.688 0.518 0.174 
0.4 14 0.372 0.140 0.498 0.438 0.160 
0.335 0.302 0.122 0.400 0.355 0.139 
0.239 0.220 0.096 0.279 0.253 0.109 
0.185 0.174 0.079 0.214 0.198 0.088 
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TABLE A.4 

Absorbed Dose Rates and Dose ~ q u ~ y a ~ e n t  Rates at the Center of Tissue ~ ~ a n t ~ m s  
of Radii 0.0, 1.0, and 15.8 g/cmZ as Functions of Shield Thicknesses 

Shield Material = Iron 

Shield Tissue Absorbed Dose Rate Dose ~ ~ i ~ a l ~ ~ t  Rate 

(g/cm2) (g/cm2) = 0.0 1 .o 15.0 0.0 1.0 15.0 
Thickness Radius (rad/d) ( r e W 4  

2.0 
3.0 
5.0 
7.0 
10.0 
15.0 
20.0 

0.754 0.621 0.175 0.988 0.772 0.199 
0.675 0.554 0.169 0.875 0.678 0.192 
0.540 0.46 1 0.157 0.685 0.553 0.178 
0.453 0.397 0.145 0.563 0.470 0.166 
0.370 0.331 0.128 0.452 0.390 0.147 
0.271 0.244 0.104 0.327 0.283 0.118 
0.210 0.193 0.085 0.249 0.221 0.096 

TABLE A.5 

Absorbed Dose Rates and Dose Equivalent Rates at the Center of Tissue Phantoms 
of Radii 0.0, 1.0, and 15.0 g/cm2 as Functions of Shield Thicknesses 

Shield Material = Copper 

_I ......- 

Shield Tissue Absorbed Dose Rate Dose Equivalent Rate 
Thickness Radius (rad / 4 (rem/d) 

(g/cm2) (g/cm2) = 0.0 1.0 15.0 0.0 1 .o 15.0 

2.0 
3.0 
5.0 
7.0 
10.0 
15.0 
20.0 

0.762 0.626 0.175 1.009 0.778 0.199 
0.684 0.559 0.169 0.891 0.686 0.192 
0.550 0.466 0.157 0.704 0.560 0.179 
0.462 0.402 0.146 0.578 0.477 0.166 
0.377 0.336 0.130 0.463 0.397 0.148 
0.278 0.249 0.105 0.338 0.289 0.1 19 
0.215 0.198 0.081 0.257 0.226 0.098 



TABLE A.6 

Absorbed Dose Rates and Dose Eqoivalent Rates at the Center of Tissue Phantoms 
of Radii 0.0, 1.0, and 15.0 g/cm2 as Functions of Shield Thicknesses 

Shield Material = Polyethylene 

Shield Tissue 
Thickness Radius 

Dose Equivalent Rate 
(rem/d) 

(g/cm2) Wcm3 = 0.0 1 .o 15.0 O"0 1 .o 15.Q 

2.0 
3.0 
5.0 
7.0 
10.0 
15.0 
20.0 

0.637 0.546 0.168 0.778 0.657 0.191 
0.532 0.467 0.159 0.639 0.559 0.181 
0.409 0.372 0.142 0.478 0.437 0.162 
0.337 0.308 0.124 0.392 0.361 0.142 
0.252 0.234. 0.102 0.288 0.269 0.1 16 
0.177 0.168 0.077 0.200 0.191 0.087 
0.132 0.124 0.06 1 0.150 0.142 0.068 

TABLE A.7 

Absorbed Dose Rates and Dose Equivalent Rates a t  the Center of Tissue Phantoms 
of Radii 0.0, 1.0, and 15.0 g/cm2 as Functions of Shiejd Thicknesses 

Shield Material = Graphite/Epoxy 

~~ 

Shield Tissue Absorbed Dme Rate Dose Equivalent Rate 

Wcm3 @/em2) = 0.0 1 .0 15.0 0.0 1.0 15.0 
Thickness Radius (rad/4 (rem/d) 

2.0 
3.0 
5.0 
7.0 
10.0 
15.0 
20.0 

0.675 0.569 0.171 0.835 0.698 0.194 
0.580 0.497 0.163 0.7 13 0.599 0.185 
0.450 0.402 0.148 0.537 0.474 0.168 
0.373 0.34 1 0.133 0.438 0.401 0.152 
0.29 1 0.265 0.1 12 0.340 0.308 0.128 
0.205 0.192 0.086 0.234 0.219 0.097 
0.158 0.150 0.070 0.180 0.170 0.078 
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TABLE A.8 

A ~ s ~ r ~ ~ d  Dose Rates and. Dose ~ ¶ u ~ v ~ ~ ~ ~ ~  Rates at the Center of Tissue ~ ~ a n ~ o ~ s  

Sbield Material = Revlar 49 

of Radii 0.0, 1.0, and 15.0 /cm2 as ~~~~~~~~s of Shielld Thicknesses 

Shiel Tissue 
Thickness Radius 
( g / d  (g/cm2) = 

2.0 
3.0 
5.0 
7.0 
10.0 
15.0 
20.0 

0.668 0.564 0.171 0.823 0.691 0.194 
0.571 0.492 0.163 0.698 0.592 0.185 
0.442 0.396 0.147 0.525 0.468 0.167 
0.366 0.336 0.132 0.429 0.394 0.150 
0.283 0.259 0.110 0.330 0.301 0.126 
0.200 0.188 0.085 0.227 0.214 0.095 
0.154 0.146 0.068 0.175 0.166 0.073 

TABLE A.9 

Absorbed Dose Rates and Dose Equivalent Rates at the Center of Tissue Phantoms 
of Radii 0.0, 1.0, and 15.0 g/cm2 as Functions of Shield Thicknesses 

Shield Material = Kevlar 49/Epoxy 

Shield Tissue Absorbed Dose Rate Dose Equivalent Rate 
Thickness Radius ( r a w )  (rem/d) 

(g/cm2) (g/cm2) = 0.0 1.0 15.0 0.0 1.0 15.0 

2.0 
3.0 
5.0 
7.0 
10.0 
15.0 
20.0 

0.667 0.563 0.171 0.821 0.690 0.194 
0.569 0.49 1 0.162 0.695 0.59 1 0.185 
0.441 0.396 0.147 0.523 0.466 0.167 
0.365 0.3 34 0.131 0.427 0.393 0.150 
0.282 0.258 0.110 0.328 0.299 0.125 
0.199 0.187 0.084 0.226 0.213 0.095 
0.153 0.145 0.068 0.174 0.165 0.076 



TABLE A.10 

Absorbed Dose Rates and Dose Equivalent Rates at the Center of Tissue Phantoms 
of Radii 0.0, 1.0, and 15.0 g/cm2 as Functions of Shield Thicknesses 

Shield Material = Glass/Epoxy 

Shield Tissue Absorbed Dose Rate Dose Equivalent Rate 

(g/cm2) W m 3  = 0.0 1 .o 15.0 8.0 1.0 15.0 
Thickness Radius (md/d) (rm/d) 

2.0 
3.0 
5.0 
7.0 
10.0 
15.0 
20.0 

0.686 0.577 0.172 0.850 0.710 0.195 
0.594 0.506 0.164 0.735 0.61 1 0.186 
0.462 0.410 0.149 0.554 0.486 0.170 
0.383 0.350 0.135 0.452 0.41 1 0.154 
0.303 0.274 0.114 0.356 0.320 0.130 
0.2 1 3 0.199 0.089 0.244 0.227 0.100 
0.165 0.156 0.072 0.188 0.177 0.08 I 

TABLE A. 11 

Absorbed Dose Rates and Dose Equivaht Rates at the Center of Tissue Phantoms 
of Radii 0.0, 1.0, and 15.0 g/cm2 as Functions of Shield Thickaesses 

Shield Material = Spectra 900 

Shield Tissue Absorbed Dsse Rate Dose Equivalent Rate 
Thickness Radius (rad/d) (rem/d) 

(g/cm2) (s/cm2) = 0.0 1.0 15.0 0.0 1 .o 15.0 

2.0 
3.0 
5.0 
7.0 
10.0 
15.0 
20.0 

0.636 0.539 0.168 0.776 0.656 0.191 
0.531 0.466 0.159 0.637 0.558 0.181 
0.407 0.372 0.141 0.476 0.436 0.161 
0.3 36 0.306 0.124 0.390 0.360 0.142 
0.25 1 0.233 0.102 0.287 0.268 0.115 
0.177 0.168 0.077 0.199 0.190 0.086 
0.131 0.124 0.06 1 0.148 0.141 0.068 



TABLE AX2 

Absorbed Dose Rates and Dose Equivalent Rates at the Center of Tissue Phantoms 
ob Radii 0.0, 1.0, and 15-0 g/cm2 as Functions of Shield Thicknesses 

Shield Material = Spectra 900/Epoxy 

~ ~ ~ 

Shield Tissue Absorbed Dose Rate Dose Equivalent Rate 
Thickness Radius ( r e d d )  

(g/cm2) (g/cm2) = 0.0 1 .o 15.0 0.0 1.0 15.0 

2.0 
3.0 
5.0 
7.0 
10.0 
15.0 
20.0 

0.648 0.548 0.169 0.794 0.669 0.192 
0.545 0.476 0.160 0.658 0.570 0.182 
0.420 0.381 0.144 0.494 0.447 0.164 
0.347 0.318 0.127 0.404 0.374 0.145 
0.262 0.242 0.105 0.302 0.280 0.119 
0.185 0.175 0.080 0.209 0.199 0.990 
0.140 0.132 0.06P 0.159 0.151 0.07 1 

TABLE A.13 

Absorbed Dose Rates at the Center of a 1 cm Radius Tissue Sphere 
for Laminated Shield Configurations' 

Filler" 
Material 

Finer 
Material 

Thickness 
(g/cm2) 

Absorbed 
Dose Rate 

Graphite/Epoxy 

Kevlar 49/Fiber 

Kevlar 49 /Epoxy 

Glass Epoxy 

Spectra 900 

Spectra 900/Epoxy 

10.2 

9.3 

8.7 

12.2 

6.2 

7.0 

0.24 1 

0.303 

0.298 

0.229 

0.319 

0.291 

'The dose rates in this table have been averaged over the 1 cm radius tissue phantom. 
cc 

See Table 15 for the details of the shield configuration. 



APPENDIX I3 

Output D a t a  From SPAR 

In this appendix an example o f  the data obtained from SPAR is 
presented. 
(see Table 2). SPAR output i s  shown i n  Table B . l .  

The particular material considered i s  graphite/epoxy 
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TABLE B.l (Cont'd) 

M E D I U I l  1 
PARTlCLE ! Y E  = PROTONS 

, 1 

RkNGE 
( n ~ ~ n t i 2 )  

. I85DBP8OEt02 

.20774800E+02 
,233307bOEt02 
.26235400E+O? 
.?9512550Et02 
.33224610E+O2 
,37425270EtO2 
.4?171070E+0? 
,47552580Et0: 
.536!1420E+02 
.5051?5ROE+02 
.68?TS770E+OZ 
,77093540Et02 
,87052750Et92 
.98155590E+02 
.110?3240E+03 
,12385550Et03 
, L39?OBtOEt?3 
.15t6479CE+03 
,17133740Et03 
.19865:00Eto3 . ?23?3050E+u3 

. ?84935?VE+O! 
,3215966OEt03 
.363I5740Et03 
,43021410E+01 
.46348000E+03 

?5?50990E+0?, 

.52387450E+03 
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