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SECTION 1 
INTROOUCTlON 

Thia report is a uaer'• unual for the Space Radiation Codes 
u•ed to calculate the natural apace radiation environaent at the Air 
Force Weapon• Laboratory (AM.). The original ver1ion• of theae 
codes were prepared by the Boeing Coapany (Ref. 1) under contract 
with AFWI.. Several code• have been coapletely replaced, and all 
ot :,ers have been extensively aodified. Many substantive changH 
were previously aade to the codes by AM. per1onnel. 

The present work incorporate• new proton •topping power and 
range data from Janni's table• (Ref. 2), include• the AE4, AES, and 
smoothed-proton Vette maps (Refs. 10, 11), conforas the codes to 
Aaerican Standard FORTRAN (Ref. 12), and coapletely docuaent• the 
codes internally by the use of comaent card1. 

The 80-term International Geoaapetic Reference Field 1965.0 
(IGRF 1965.0) was inserted in the INVAll package to replace the old 
4b tera Jensen and Caln Model. A aoclified ver1ion of All.HAG (Ref. 11) 
repJaces the old version of MAGNET and allow• a aore up-to-date and 
accurate calculation of B. A subroutine package taken fro■ Prograa 
MOOEL (Ref. 5) was aodified to obtain the deaired fluxes. 

The physica of the tran1port codes HEVPRT, EPENSS, and DEMSS 
was not changed, although SOM of the prograaing and the card input 
was changed. The old TllAJECT and DOSllAT codea were •rged to fora a 
new code called TANDE. Another new code, DOSMAP, was written to 
produce a 700-point B-L up of dose ratea. The ■ain part of thi• 
progra■ was taken from Progra■ HODEL. 

The core storage of each code bu been reduced. The most 
notable aaving occurred in Prograa TANDE, which now takes about 
131,000 octal locations. Before, progra TRAJECT took about 165,000 
octal locations and DOSRAT about 145,000 octal locations. 

This report contains a brief explanation of the physics, a 
detailed card input section for running the codes, and sample output. 
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SECTIO~ 11 

GENERAL DESC'tIPTION 

The penetration of an incident radiation field int a space­

craft ia dependent upon the type of radiation, the energy spectrum, 

the ahielding characteristics of the spacecraft• and self-shielding 

provided by the astronauts or by the radiation measuring instruments 

theMelvea. In the inner r~diation zone, for shielding thicknesses 

2 
greater than 30 p/c■ , priur3· protons and nuclear secondary radia-

tions are the major contributors to the absorbed dose. Between 5 

2 
and 30 p/c■ , primary protons and bre■astrahlung are the major dose 

2 
contributors. For shield thickneaaea leas than 5 ga/c■ , penetrating 

electrons can also contribute significantly to the dose. Any or all 

of these contributions may be present or absent depending upon the 

nature and characteristics of the incident radiation field. Although 

for very thick shields the propc,rtfon of secondary radiations can be 

of importance, the primary dose usue.ly overshadows secondary contri­

butions for unmanned satellites an<! ·:'or manned spa~ecraft like 

Ce■ini, Apollo, Skylab, and Shuttle. 

The Space Radiation Codes incorporate best available 110dels of 

the space radiation environment in conjunction with radiation interaction 

models to transport the environment through the space vehicle to the dose 

point of interest, where the rad dose and dose rates are calculated. 

To adequately assess the dose due to natural trapped radiation 

at a given point in a space vehicle, one must specify 

l. Orbital parameters 

2. Vt:hicle shielding 

). Date of orbital mission 

4. Dose point location 

5. Radiation type 

Each of the above parameters affect the flux and/or particle type 

which contributes to the absorbed dose. 
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Figure l scheaaatically shows the gen ral problem-solving 
procedure using the Space Radiation Codes . 

The Space Rad iat ion Codes are a set of five omputer od s. 
Three are u ed in the transport calculations: HEVPRT is used to 
transport protons and heavy parti c les ; EPENSS ls used for the 
electron transport; and BREMSS is used for the bremsstrahlung trans­
port. All three use layered shielding information as input and 
provide dose onv r sion facto r s (DCFs). The othe r two codes use 
these DCFs t ohtain doses and dose rates. DOSMAP has a 700 point 
8-L grid set in block data. The dose rate at each 8-L point is 
computed and a dose rate map is printed. TANDE will either compute 
a trajectory, read a point set trajectory from cards, or use a 
previously computed trajectory stored on tape. It then calculates 
the dose rate and accumulated dose at each point of the trajec t ory 
and prints the results. Table 1 gives the storage requirements and computer time needed for average runs. 

The method of using dose conversion factors is accurate, 
rapid, and well-suited to the calculation of space radiation dose. 
It has the advantage of separating mission dose calculations into 
two efficient independent ca lculations. An inci~ent differential spec­
trum of a unit flux is first transported through the spacecraft to the 
dose point for the radiation type under consideration, resulting 
in a set of dose conversion factors as a function of incident 
particle energy. The dose at any trajectory point is computed by 
multiplying the dose conversion factors by the appropriate incident 
differential energy spectrum, and integrating the product over all 
incident energies. The accumulated dose is tound by suaaing the dose 
at each trajectory point throughout the mission. Although many differ­
ent trajectories may be included in a given study, the radiation trans­
port calculation is performed only once for a given dose point . 

9 
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Figure 1. Schematic of Problem-Solving Procedure 
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Specifically, the first step in calculating dose conversion 

factors for all incident particle types is to divide the maximum 

possible spectral spread into many energy subintervals of a specific 

width and average energy. A flux-to-dose conversion factor for each 

shield sector and each energy subinterval is obtained by transporting 

all subinterval energies through that Sl:ctor and calculating the dose 

resulting from the exterior incident unit differential spectrum. The 

intervals must be selected in a fine grid so that the incident spectra 

may be approximated accurately by the step function. This is termed the 

''N-gr id approach" and produces a table of energy-dependent dose conver­

sion factors for each sector. These are then summed over the whole 

vehicle to obtain dose conversion factors which are a function of 

incident energy. 

Once this N-grid calculation is completed for 

ing configuration, an arbitrary external. spectrurn can 

folded into the shielding data and a dose calculated. 

a given shield­

be rapidly 

The N-grid 

dose conversion factors are weighted by the appropriate external 

differential energy spectra and then sunned to produce the rad dose 

at the selected dose point. This technique is especially useful 

for parametric studies. 

Each radiation type exhibits different scattering, straggling, 

attenuation, absorption, and energy deposition characterisitics in 

matter. Although the dose conversion methoJ is applicable to all 

radiations, differing techniques must be used to obtain dose con­

version factors for electrons, photons, and heavy charged particles. 
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SECTION III 

HEVPRT 

The HEVPIT code calculate• the doae converaion factor• for pro­
ton• or heavier particle•. The range-energy technique 1• uaed to eave 
c011puter atorage and tiae. Theae calculationa for the proton DCF• are 
accurate to within a few percent, nealecting nuclear aecondary pro­
duction froa nuclear attenuation effect• on the priaary b••• 

The apecific method uaed treat• each material layer 
independently. A unit flux/HeV particle atart• fr011 the exterior 
and traverae• each aaterial layer aeparately until it reach•• the 
interior doae point. Multilayered ahield• are treated by tranaportina 
the radiation through one layer at a tille, and aaauaina that the flux 
coaing fro■ the nth layer ia incident on then+ 1th layer. The 
particle 1• tranaported in this aanner through each material layer 
without averaging the atoaic nu■bera, approxiaatina the thickne■• of 
each layer, or otherwiae coaproai■ing the heavy ion calculation. 

Since the atopping powr.r of the heavy particle ia a function 
of it• velocity V and the aquare of it• char1e, a conaideraoia aillpli­
fication can be accoapliahed by uaing l, the kinetic enaro per nucleon 
of a particle. The •topping power s8(l) of a heavy parttcla of kinetic 
energy l per nucleon is then juat z2 tillea the atoppin1 power of a pro­
ton with kinetic energy l. 

Si (l) • z2s t (l) on pro on (1) 

At low velocitiea, the heavy particle beaina to capture electrou, 
and it• avara1• chars• 11 reduced. Proa the data of leufeld and 
Snyder (laf. 13), a correction factor bu ban developed 1uch that 
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for helium, carbon, nitrogen, a~ ~ oxygen. Tabulated values of F(K) 
are stored in the code and used as required. 

In a similar way, a relation between the range of a hea~, 
particle and the range of a proton can be developed, and we have 

Ri (K) • H
2 R (K) on 

2 
p 

Ri (K) on 

H 
ion 

• range of heavy particle of kinetic energy K per nucleon in gm/cm2 

• weight of the heavy particle, in units of proton mass 

(3) 

• charge of heavy particle, in proton charge units 
• range of proton of kinetic energy Kin gm/cm2 

With these re lations, range, and s topping power relations for 
protons can be converted to heavy ion tables and used in shieJding 
calculations for heavy parti c les. The procedure for the transport 
calculations, dose, and dose rate determinations are then identical to those for protons. 

The calcul , tions required to calculate proton dose conversion 
factor begin by subdividing the energy regime of interest (Oto 1000 HeV) into a fine energy grid, 
each energy bin, EMlD • 

i 

c1 , characterized by the midpoints, of 
(Gi+l+Gi)/2., i•l,2, ... n-1. The EHID 

i 
array 

is not used in the explicit calculation of dose, but is stored and used for output of the calculational results. 

For a given sector with NL layers of dif f erent materials with 
thickness Xi, i•l, NL, the procedure is as follows: 

14 
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(1) Tvo array• of energy points, Aj and Bj are selected. 
The selection criteria for these arrays are 1uch that the Aj array 
adequately covers the external energy regtae of interest, and Bj ade­
quately covers that port ion of the internal energy regiae for which 
the dE/dX is 1101t rapidly changing in the absorbing material (generally 
tissue). By c011bining these two grids, adequate coverage of the 
external energy spectrum and of the internal energy spectrum 
(penetrating spectrum) is assured. The ainiaua penetrating energy 
is taker. as 0.0 HeV, and a dE/dX value equal to that of a 0.1-HeV 
particle is assumed. 

(2) Range-energy calculations are performed on all the 
energy points in the Aj and Bj arrays as follows: 

(a) The Aj(external energy) points are transported 
through the shielding layers (Xi, i•l, NL) to determine the internal 
energy values corresponding to these external energy points, and 
placed in a second array Alj" 

(4) 

where ELij is the energy loss of the incident proton in penetrating 
the shielding of sector i of thickness Si, 

X • i 

Note that not all energies in Aij may penetrate the shielding, and 
without a second set of energy points, Bij' there could be a serious 
undere1timation of the dose because the region of maximum energy trans­
fer (0 to 14 HeV penetrating energy) would not be correctly accounted for . 

15 



(b) A similar set of calculations is perfonaed on 
the energy points in the Bij array, except the transport is from 
vehicle interior to its exterior. i.e .• 

These calculations adequately cover the regime of maximum dE/dX 
transfer interior to the vehicle. 

(3~ The arrays Aij' Bij' Aij• Bij are combined to form 

a composite set of arrays Cij and Cij' where c1j are the internal 
energies corresponding to the external energies Ci;· Note that Cii 
ranges from E i to 1000 HeV, and that E i is the minimum penetrating m n m n 
energy for the sector i. Ci'j ranges from Oto E , when E max max 
is the internal energy corresponding to the external energy of 
1000 HeV. A third array of dE/dX values is established which 
corresponds to Cij' i.e., 

c1j • dE/dXlc, in the absorber (ge~erally tissue) 
ij 

(4) The function of Dij is evaluated for all points in 
the Cij array, where Dij is given by 

E 

l C" dE ij (6) 

0 

This function then represents the total absorbed energy at the dose 
point in the absorber between the internal energy limits O and Cij' 

16 
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and external energy limit& 0 to Cij (note that lower external energy 

of O or E i is equivalent, as no energy is transferred to absorber 
• n 

for external energies below E i as particles are stopped in the 
• n 

shield). A series of trapezoidal rule integrations are performed 

ln the evaluation of the Dij function. 

(5) The Dij array is next interpolated to tit the energy 

output grid Gi, i • 1, ... , n. The results of this interpolation are 

two arrays, Gi and Fij' where Gi is the output energy grid, and Fij 

is the total energy loss in the absorber for the energy range of 

0 to E(Gi). 

(6) The dose conversion factors for sector j and energy 

bin i, characterized by its midpoint energy ~ID, are then given by 
i 

(7) 

for the energy grid, ~lD 
i 

i•l,2, ... ,n-1 (8) 

Note that the quantity (Fi+l,j - Fij) is just the energy lost between 

the energy limits of Gi+l and Gi, dQj is the solid angle subtended 

hy sector j (normalized, i.e., l dOi • 1), and K is a time scale and 
i•l 

flux-to-dose conversion factor. 

(7) To evaluate the vehicle dose conversion factors, a 

sumation over sectors is performed 

(9) 

where NS is the number of sectors in the vehicle. 
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Figure 2 and Table 2 give the basic input inforaation 
needed to set up a run. When the absorbing aaterial is tissue and 
whP.n all of the vehicle aaterials are on the standard list (Table 3), 
the deck setup is quite staple. It can be made even stapler when 
protons are used aa the transport particle and the vehicle description 
resides on Tape 8. Since the aaae vehicle description is used by the 
three transport codes HEVPRT, EPENSS, and BREHSS, Section VI explains 
the vehicle description separately. Program MEVDP (Ref. 14) is 
explained in Section VI along with th~ general vehicle description. 

Appendix A contains the energy grids needed to input the 
aaterial proton range data for the materials not on the standard list. 

18 
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NS, ITITLE 
I5.5A4

(DEDX(I),1-1,55) 
8E10.4

Not used if vehicle info is on Tape 8
Repeated NUMVEH times described inNL,W, (X(J » .NAME(J) ,J-1 ,NL) 
Section VI.

Not used if ABSORB is tissue

Not used If all materials 
are on the standard list 
(Table 3)

Not used if vehicle inf 
in on Tape 8

(RANOKdl NN),11-1,55)
8E10.4 ______

MAT(NN)
A6

NM,MATUSE(I),I-1,NM 
L5.1X^I12At)

ABSORB 
A6

Not used when protons,^ ION,MASS,CHARGE 
are the particle—_Ab»4X.2F10.2

NUMVEH,IMODE,I PART 
315

Figure 2. HEVPRT Card Input Schematic
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TABLE 3. STA.~ARD MATERIALS IN THE HEVPRT CODE 

. MATERIAL HEVPRT NAME z A 

Aluminum AL 13 26.97 

Gold AU 79 197.2 

Beryllium BE 4 9.02 

Bone, human BONE 10 16.2 

Calcium CA 20 40.08 

Calcium fluoride CAFL 38 78.08 

Carbon C 6 12 .01 

Copper cu 29 63.57 

Iron FE 26 55.85 

Lead PB 82 207.21 

Magnesium MG 12 24.32 

Manganese MN 25 54.94 

Molybdenum HO 42 95.95 

Polyethylene POLYE 16 128.05 

Silicon SI 14 28.09 

Tin SN 50 118. 7 

Tissue TISSUE 6.92 127.2 

Zinc ZN 30 65.38 

Water WATER 8 18 

Titonium TI 22 47.9 
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SECTION IV. 

IPINSS 

IPINSS i• the electron penetration code which calculate• a group 

of doae converaion factors. The numer of electron• of a given •nergy 

penetrating a given shield vaa obtained fro• the di•nsionless length 

and ener1y paraaetera of Seli1er (Ref. 15) and Makhov (Ref. 16). 

The analytic expression which fonu the basis for the electron 

penetration code provide• 15 percent ac~uracy in the calculated 

electron tran•iaaion !or ahield thicltneaae1 leas than one-half the 

electron range. Greater error• occur where lar1e differences exist 

in the atoaic nuaber1 of the shielding aateriala near the end of the 

electron rage. Results of this procedure were coapared to electron 

Monte Carlo studies, and good agreeaent vaa achieved for alaba that had 

atoaic nUllbera with differences leas than 10. For differences in Z as 

great•• 40, a factor of 2 difference was noted for fractional tranaiasiona 

of 0.05. The main N-grid iaproveaenta have been (1) the eliaination of 

repetitive evaluation of electron tran•iaaion for a large energy grid 

and (2) the sqbatitution of staple interpolation and addition to fold 

incident electron spectra with electron transmission values, rather 

than repetitive integrations. 

The EPENSS code treats the incident spectrum as being sub­

divided into N energy intervals of width 6Ej with average midpoint 

energy ~ID. A flux-to-dose conversion factor in each sector and 
j 

for each energy bin 6Ej is obtained by penetrating all ■idpoint 

energies through that sector and calculating the dose from the trans­

mitted spectrum. For each sector there is a ■inimum energy which will 

penetrate (the energy whose range equals the total sector thickness); 

all energy bins with ~ID leaa than this energy are not considered. 
j 

This N-grid approach results in a table of dose conversion factors 

for each of the midpoint energies for each sector. The total dose 

trana■iasion fro■ al~ sectors is the sum of the dose contribution 
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from each sector. The sector dose is the product of (1) the fraction 

of the free space flux entering that sector (0.25 for an isotropic 

flux), (2) the dose transmission factor obtained for a multilayer slab 

shield of the same material composition as the sector, (3) the fraction 

of the flux scattering to the dose point (3n/16 for a cosine-squared 

distribution), and (4) the fraction of the total solid angle subtended 

by the sec tor. 

Generating the basic N-grid data for a vehicle involves the 

elemental calculation of the energy spectrum of particles penetrating 

a one-dimensional shield having several layers of different material 

composition. 

The number of electrons with initial energy E and final energy 
0 

E passing through a thickness X of material Z is 

(10) 

where 
-b(E -E) b(E-E) 

T(E ~E,X,Z) • Ae o • Ae o 
0 

(11) 

an exponential transmission function for material with atomic number Z 

and thickness X, for initial energy E and final energy E. 
0 

The two parameters A and bare given the expressions 

A• T (E) 
0 0 {

-bEO ( bFw.x )1l-1 
b e e - 1 1 (12) 

(13) 

• 
(14) 
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~ • -7(Z- 3.25)-0• 24 c. o.sasz:· 271 

{ }

0.848 

For each 1ucce11ive layer of the shielding in one sector, 

equation (10) and (11) are used. The energy spectrum of particle• 

penetrating the first layer provides the function, N(E
0
), for incidence 

(15) 

(16) 

on the second layer. An effective thickne11 for the aalti1lab calcu­

lation ii ude using the simplifying as1uaption that an equivalent 

thickneH of any aat erial that produces an equal attenuation of dectron 

will also produce an identical energy and angular distribution of 

electrons. In other words, the number transai1sion of electron pene­

tratina a aulti1lab ■hield consisting of N layer• of total thickne■• 

1■ aiven by the expression 

where~ ii the "equivalent" thickneH mentioned above. 

The tran111i11ion in the ith slab, of uterial j with thickne11 

11, i■ deterained by using an effective thickne11 equal to the thick­

neH of ■lab 1 plu■ an additional equivalent attenuation "thickneH" 

equal to that of all previous 1lab1. 
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The technique of calculating this effective thickness is 
necessarily iterative. This "effective" thickness is obtained from the 
implicit expression 

(19) 

where the right side of the expression is obtained from the (i-l)th iteration . 

This procedure is repeated for each layer until the energy 
spectrum of particles penetrating the last layer of shielding is found. 
From the penetrating spectrum. the dose (rads) per particle flux for 
each initial energy. Ei. is found for each sector. J. by evaluat ing 

where 

-8 Dij • l.6Xl0 

l, 

NT(E,Ei) • energy spictrum of particles penetrating the shielding 
of sector for one particle of initial energy, Ei. in 
particle;/MeV 

dE (E)• energy loss per unit thickness increment in the dX 2 
absorbing mediwn in MeV cm /gm 

The values of Dij for all i and j comprise the N-grid results. 

The N-grid results are fir.ally sU111Ded over all sectors for each 
energy grid point. 

NS 
D - l Dij dGj 

i j•l 

where dOj is the solid angular weighting factor for the jth sector. 
To fold in an incident spectrum of particles. a trapezoidal integra­
tion over initial energy can be performed. 
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The operating in•tructione for EPENSS are straightforward. A 
large •ount of fixed data ie aeeociated with EPENSS, which contains the 
range and dE/dX inforaation for the aateriale on the standard list 
(Table 4). Figure 3 and Table 5 •how how to •et up the card deck for 
•olving probl•s. These cards are inserted after the fixed data. 

If all the aateriale are on the standard list, and if the vehicle 
description is stored on Tape 8, it will be neceeeary only to include the 
first card. The vehicle input data and a description of Program MEVDP 
ia included in Section VI. Appendix A contains the energy grids needed 
to input the electron data for the aaterials not on the standard list. 
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Not used if vehicle 
info is on Tape 8

Not useo if all vehicle 
materials are on the 
standard list (Table 5)

Not used if vehicle 
info is on Tape 8 - - »»

NS.NAMEV
I5j5A4

WEIGHT,X(I),NAMD(I),I=1,NL

E(K),K=1,80,RATE(K),K»1,80, 
DOGA(K),K-1,80 (8E10.4)

NAME,ATNO,ATWr 
A6,4X,2F10.3

NLIST,(LIST(I),I=1,NLIST)

^54X.(12A6)

NUMVEH,IMODE

215

Figure 3. EPENSS Card Input Schematic



TABLE 4. STANDARD MATERIAL LIST FOR EPENSS 

PROGRAM 
SYMBOL z A MATERIAL 

AL 13 26.97 Aluminum 
AU 79 197.2 Gold 
BE 4 9.02 Beryllium 
C 6 12.01 Carbon 

CA 20 40.08 Calcium 
CR 24 52.01 Chromium 
cu 29 63.57 Copper 

H20 10 18 Water 
LUCIT 6.6 100.11 Lucite 
~ 12 24.5 Magnesium 
MN 25 54.94 Manganese 

N 7 14.008 Neon 
NI 28 58.71 Nickel 
PB 82 207.21 Lead 

POLYE 6 12.05 Polyethylene 
POLYS 10 128.05 Polystyrene 
RENE 28 55.85 Rene 

SN 50 118. 7 Tin 
TISSUE 6.92 127.2 Human Tissue 

w 74 183.92 Tungsten 
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SECTION V 

BREMSS 

Although bremsstrahlung is not in general a major contributor 

to the dose, it cannot be ignored if a large electron flux is incident 

upon a vehicle and tnere is sufficient spacecraft shielding (>S gm/cm2) 

to stop the primary electrons. There are two approximations to the 

actual bremsstrahlung production which are available in this code: a 

fast running approximation where the bremsstrahlung is produced 

totally on the surface of the shield and attenuated throug~ the shield­

ing; and another in which the radiation is produced throughout the 

volume necessary to stop the incident electrons and then attenuated 

through the remaining shielding. Expressions obtained from Evans 

(Ref. 17), Wyard (Ref. 18), and Wu (Ref. 19) are used to predict the 

rate and energy spectra of the bremsstrahlung. The angular distribution 

of the emitted bremsstrahlung is taken into account using an energy­

dependent angular distributi on function. Once produced, the bremsstrah­

lung is transported through a ll sectors using an expression which expo­

nentially attenuates the int ensity. Empirical dose buildup factors 

for the shielding materials account for scattering, and the dose is 

then calculated using gamma flux-to-dose conversion factors. N-grid 

results analogous to those obtained in the electron penetration code 

are used to determine the contribut io1: of bremsstrahlung to the total 

dose. 

A series of energy bins, the limits of which are E and 
u 

~L' are first established. Bremsstrahlung production is then calculated 

f or all energies bet~een ~ and Eu and an elect run flux-to-bremsstrahlung 

dose conversion factor is determined for this energy bin for a given 

sector shield configuration. The process is continued until all energy 

bins spanning the energy regime of interest and all sectors are completed. 

The expression which is used to predict the dose from bremsstrahlung 

is 

J>(y) • J" B(y)K(y)A(y) H(y) j" N(E)W(E) F(E,y)C(E,y) dEdy (22) 

0.1 EL 
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where 

D • photon doae in rada 

H(y) • angular distribution function to account for g~ radiation 
produced which does not reach the dose point because it is 
originally radiated in the backward direction 

E • electron energy (MeV) 

N{E) • incident electron differential number spectra (nuaber of 
electrons having energy between E and E+M: divided by 6E 
(particlea/HeV) 

W(E) • fraction of electron eneray converted to photon eneray 
F(E,y) • total energy of all photons having energy between y and 

y+6y divided by 6y arisina from electrons of energy E 
(MeV/MeV) 

K(y) • function for conversion from photon energy per unit area 
to units of dose for photons of energy y 

B(y) • dose buildup function 

E • upper limit of electron energy (MeV) u 
~•lower limit of electron energy (MeV) 
y • upper limit of photon energy (HeV) u 

A(y) and C(E,y) are the energy transmission functions for the surface 
and volume cases, respectively. (When one function is used, the other 
is set to unity.) 

The N-grid results for the bremsstrahlung code are obtained by 
establishing an energy grid, ~ID, where 

i 

~- • (E + EL )/2., i•l,2, ... ,n 
7HDi ui i 

and using the results of equation (8) for a series of electron energy 
limits, E ,E and sequentially increasing the upper electron 

ui Li 
energy, i.e., for the nth energy bin characterized by ~m, the dose 

n 
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conversion factor is given by 

DCF • 
n 

~ID • 
n 

IEun IEun 

. l ;_ 

Eu +EL 
n n 
2 

n 

(Equation (22)) (23) 

(24) 

The production and attenuation of bremsstrahlung is calculated as 

follows: 

Case l - Volume Production: Each sector of the shielding 

configuration is assumed to be a truncated right circular cone as 

shown in Figure 4. For a given set of electron and gamma energies 

E and Y, y E, the bremsstrahlung is assumed to be produced uni-

formly throughout a source thickness of the shield, X (E.,y), which 
2 0 

is equal to the gm/cm th! kness which degrades the electron energy 

E to the l ower gamma energy y. Range-energy relations are used for this 

calculation of the source thickness X (E,y). An analytical expression 
0 

giving the flux which is received at point P on Figure 4 from a 

truncated cone source geometry is used to compute the transmission of 

the uncollided flux rece ived at the detector locatinn. This expression 

is given by 

C(E,y) = _l __ 
2lJs (y) 

where r -x 
~dX 
x2 

X 

+-1-
sece 

(second exponential integral) 

lJ (y) • attenuation coefficient for gamma energy, y, in the 
s 

source layer of the shield 
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~ 
e ~ ✓- DOSE POINT 

-------+-----------------------... x u 

Figure 4. Truncated Right Circular Cone Source with Semi-Infinite Shields 
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NL 
• l µ(y)iXi, tis index of the first layer beyond the source 

i•R. 
* layer 

X is the thickness of the source layer s 

The source function, S, is then given by 
V 

S • C(E,y)/X (E,y) 
V 0 

One must also know the differential energy spectra of the 
electron-induced gaanas, the contribution of scattered radiations to 
the flux at th•? detector, and the amount of the electron energy which 
is converted initially into g811118 rays to determine bremsstrahlung 
dose conversion factors. 

(27) 

The differential gamma energy spectrum is assumed to be roughly 
independent of the material composition of the shield, and of the form 

F(E,y) 4 --5 

The factor 4/5 is a normalization constant. 

To account for scattered radiation reaching the dose point, 
empirical dose buildup factors are used. For a multilayered shield, 
the total buildup factor for sector j is as follows: 

(28) 

(29) 

* b1(y) may include a portion of the first shield layer (source layer) if 
the electron energy is such that bremsstrahlung is produced only through­
out part of the shield layer. 
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where µiti is the nuaber of ■fp'a encountered by the radiation beyond 

the source layer, Zi is the atomic n1.aber of the 1th material being 

traversed, Ey is the gaama energy, and NL is the nmber of layers ol 

shielding in this sector. 

As shown by Berger and Seltzer (Ref. 20), the energy per 

electron converted into bremsstrahlung is given by 0.0004 ZE 

where Z refers to the atomic nU11ber of the source layer, and E to 

the energy of the electron producing the bremsstrahlung. 

The angular distribution calculation obtains an improved esti­

mate of the amount of bremsstrahlung which is radiated in the forward 

2n direction (normal to a spacecraft wall) due to the isotropically­

incident electron flux. A detailed integration was performed to 

determine the H(y) function. The result of this investigation is a 

table of percentage of bremsstrahlung radiated in the forward direction 

as a function of incident electron energy. 

The system geometry is shown in Figure 5, where the differ­

ential angular intensity formula is also given. 

The first quantity of interest is 

f(8) • 
I 

inward 

dl cil1 
dr2 

J 
!! cil1 
dr2 

{JO) 

by integrating f(8) as a function of S-v/c for the electron, a function 

f(B) is obtained which may be used to correct the bremsstrahlung computer 

code results to account for this angular distribution. The integration 

is fourfold over the angles labeled e,e•, ~,and~• in Figure 5. 

f (S) • J K sin2adf2 IJ 
in (1-S cos a>'/ ·a~lce Cl-B cos a)' 

cil1 

f(S) • J2n d~ /n/2sin8cos81fe J2n d~' /n/2 sin8'sin2a d8' 
(1-8 cos a) g 

0 0 0 0 
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To numerically lntegrate this, a must be expressed in terms of the 
integration an~les. In Figure 6 from the l aw of cosines 

I GI • ID I + IL I 2 
- 2 ID I • IL I cos ex , ID I = IL I = 1, I GI 2 

• 2 - 2 cos(l 

where ~ is the projection ,,f D on the X axi s . \ is obtained from 
the standard rectangular-to-spherical coordinate system transformation 
equations, L e .• \ .. sine cose , since lol = 1. 

Now !cl • 2 - 2 cos a 

cos = (2 

cos a= 1 - 1/2 lcl 2 

Substituting for lcl 2 yields the required relationship 

cos a• l-1/2 {(cos e - cos ') 2+(sin e sin¢ - sin 6 ' sin ¢') 2+ 

(sin 6 cos¢ - sin O' cos ¢') 2
} • 

This quantity is then substituted into the integral above, and the 
quantity f(8) calculated. The results are shown on Figure 7 and 
tabulated in Table 6. 
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TABLE 6. ANGULAR DISTRIBUTION 

13 • V/C f (8) 

o.o 0.5 

0.1 0.56 

0.2 0.62 

0.3 0.68 

0.4 0.73 

0.5 0.79 

0.6 0.84 

o. 7 0.88 

0.8 0.93 

0.9 0.96 

1.0 1.0 
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Case II - Surface Production:. For the surface production 
option of the bremsstrahlung code, all the gaaas are produced on the 
surface of the outer shield, and the radiation transport becomes one 
of siaple attenuation. The energy transmission function for this case 
is 

NL 
A(y) • n 

i•l 

(33) 

corresponding to the C(E,y) in the volume production case The rest of 
the calculations are performed in the same manner, and the resulting dose 
conversion factors are calculated and presented in the same format as in 
the volume production case. 

The card deck set up for BREMSS is explained in Figure 8 and 
Table 7. If the vehicle information is stored on Tape 8 and all of 
the materials used are on the standard list (Table 8), only the 
first card is needed to run a problem. The material attenuation 
coefficients, buildup factors, and electron data must be entered for 
each material not on the standard list. There must also be NP vehicle 
descriptions. 

The detailed vehicle description is given in Section VI, as 
it is the same for all three transport codes. Program MEVDP is also 
explained there as it writes Tape 8 for use with the trans port codes. 
Appendix A has all of the energy grids for inputting the material 
information. 
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NL,WEIGHT,Xll),NAMD(I)I•l,NL 
Not used i f vehicle 
info is on Tape 8 

No t used if a ll vehi c le 
mate ria ls are on the 
standard list 
Table 8 

Not used if veh icl e 
is stored on Tape 8 - - ~ 

RANE(l),l•l,80,RATE(I),1=1,80 
/ _D~A(I),I_~l,80 8El0.4 

J AU(I),T•l,13,F,(Bl(I,J),I•l,7, 
J=l 15) 7Fll.O 

DUM(I), T•l,3 
A6 4X 2F10.3 

NLIST,LIST(I),I•l,NLIST 
15 lX 12a6 

Figure 8. BREM~S Card Input Schematic 
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TABLE 8. STANDARD MATER lAL L 1ST FOR AFWL BREMSSTRAHLUNG CODE 

PROGRAM 
SYMBOL z 

A MATERIAL AL 13 
26.97 Aluminum AU 79 

197.2 Gold BE 4 
9.02 Beryllium C 6 

12.01 Ca rbon CA 20 
40.08 Ca lcium CR 24 
52 .01 Chromium cu 29 
63.57 Copper Hi° 10 
18.00 WatE:r LUClT 6.6 

100.11 Lucite MG 12 
24.5 Magnesium MN 25 
54.94 Manganese N 7 
14 .008 Neon NI 28 
58. 71 Nickel PB 82 

207. 21 Lead POLYE 6 
12.05 Polyethylene POLYS JO 

128.05 Polystyren RENE 28 
55.85 Rene SN 50 

118. 7 Tin TISSUE 6.92 
12 7. 2 Human tissue w 74 
183.9 2 Tungsten 
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SECTION VI 
VEHICLE DESCRIPTION 

The three tranaport cod••• HEVPlT, EPENSS, and REMSS, 
require the vehicle, through which the external environaent ia tran•­
ported to the internal dose point, to be eectored into a aerie• of 
infinite slab layer•. One aector 1• a portion of the vehicle aub­
tended by a aolid angle d{l, with the center of the coordinate •Y•tea 
being the doae point of intereat. A ray extending froa the doae 
point at the center of the solid angle encounter• the aaterial• of 
the vehicle between the doae point and the exterior. When theae are 
ordered by uterial and thickne•• fr011 the outaid• to the inaide, it 
1• in the layered forut needed by the tranaport cod••• 

Two ways of inputting thi• data are available. One is to 
input the sectoring inforution on card•. For siaple vehicle• this 
1• relatively euy. For c011plicated vehicle• the Modified Eleaental 
Voluae Doae Progr• (MEVDP) (Ref. 14) aa•t be uaed. MEWP create• a 
binary tape with the aectored layered inforution. Thia tape i• then 
read by the transport codes. 

Figure 9 and Table 9 •how the input forut• for entering 
the vehicle inforution on cards. A new vehicle deacription aust be 
entered for each new proble■. The aaterial layer• are ordered fr011 
the outside to the inside dose point. The solid angle is norulized 
ao that the sua of all the solid angle• will equal one. Only a few 
ray sectors may be needed to describe a ai■ple vehicle while hundreds 
uy be needed to adequately de•cribe a complicated vehicle. 

When MEVDP is used, the vehicle 1• fir•t deacribed by a 
aerie• of regular geo■etric ahapes (apheres, hemispheres, parallele­
piped•, cones, cylinders, ellipaoida, truncated cone•, and truncated 
ellipsoid•). The sectoring 1• begun by choosing a convenient point 
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Repeated NS times

-yr NL, WEIGHT, (X(D,NAMD(I), 1=1,NL)
K I5,E10.3,5X,(E10.3,A6,4X,E10.3,A6,4X,E10.3,A6)

NS,NAMEV

15.5A4

Figure 9. Vehicle Card Input Schematic
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within the vehicle for the origin of a reference rectAngular coordinate 
system. The sparecraft is then described with respect to this refer­
ence system by designating the shape, size, and material density of 
the various components making up th~ vehicle. Once set up ·n this 
manner, any dose point may be selected either inside or outside of 
the spacecraft and the vehicle sectored by tracing rays emanating from 
the dose point (see Fig. 10). The material types and thicknesses 
encountered as these rays pass through the geometric shapes represent­
ing the vehicle are taken to be representative of the material distri­
bution. One sector is generated by each ray traced and consists of 
one or more parallel slabs of varying thickness and material composi­
tion. The vehicle is "mapped" by changing direction cosines of the 
ray, incrementing these in turn until all 4n steradians have been 
covered. The increment size determines the solid angle which a sector 
subtends. For a complex vehicle, this type of analysis may require 
that a very large number of rays be traced. 
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SECTION VII 

TANDE 

Progra TANDI i• the code which calculates the trajectory, 

find• the environaent aaeociated with that trajectory, and merges the 

environaent with the Dose Conversion Factors (DCPs) calculated by 

the tranaport codes to obtain the dose rate and dose results. 

TANDE first either calculates a trajectory fro■ the initial orbital 

paraaetere, reads a point set trajectory from cards or uses a pre­

vioualy calculated trajectory stored on tape. The trajectory points 

are then converted to the Mcilvain B-L parueters (Ref. 10) by the INVAR 

subroutine package. Vette'• electron and proton flux maps are used to 

obtain the 01111idirectional integral fluxea for the DCF energy grid at 

each trajectory point. These are then converted to differential 

fluxes and aultiplied by the corresponding DCFs. These are then 

suaaed to obtai1 the dose rate at each trajectory point. 'fhe accu­

aulated dose is then obtained by integrating over time. 

The calculation of the geographic and magnetic coordinates 

in the approximation of secularly perturbed Keplerian orbits or the 

uae of point set trajectories (tiae in seconds aft~r launch, alti­

tude. latitude, and longitude ) fulfills the accuracy requirements 

to within the error liaite which are generally associated with the 

environment. As a result of neglecting other perturbing influences, 

substantial computer time savings occur. 

The secular chances in the orbital elements caused by the 

earth'• oblateness which have been taken into account include 

(1) Reduction in orbital period 

(2) Regression in the line of nodes 

(3) Precession of line of aps ides in the orbital plane. 

To this order of accuracy the geographic position and time after 

initial perigee of a satellite are given by 
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r • 

e • 

.e. 
1 + E COSIµ 

cos -l {sin i 
(34) 

sin(S + ll,)} 

Jn + tan -l{ cos i tan(S + ip)} if cos (8 + Ill) > o (35) 4> "' -1 ln + w + tan {cos i tan(S + 1'J)}if cos(S + ll,) < O (36) 

PM P 
t • - • - {E - csinE} (37) 

2w 2w 

(see Figure 11.) 

where 

r • 
e • } geocentric 

{ 

radius 

colatitude 

longitude 
t • semilatus rectum 
i • inclination 

£ • eccentricity of orbit 
p n anomalous period 
'¥ • true anomaly 
M • mean anomaly 
E ~cccntric anomaly 
n • longltude of ascending mode 
B • argument of the perigee 

The relationEhips of these quantities (Figure 11) to the input quantities (apogee altitude h , perigee altitude h, initial latitude a p A, initial longit de 4>) which are used to specify an orbit are 
0 0 

given by the relationships below (Ref. 21): 

-1 .ri:-;­E • 2 tan 'f'+t- '¥ tan -
2 

51 

(38) 



z 

X 

Figure 11. Orbit GP-ometry 
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-----------

h - h h - h 
= 2R 

_ a ___ p_ = 
+ h + h 

a p 
2a 

(39 ) 
e a p 

'L 
9., "' a (l - E ) (40) 

J/2 
l p 21r P. 

: - - -
/1 Ezi(l k 1 + (R / 0 2 

J' 3 2 
e - 2 sin i) e 

(41) 

k = 
e 

1. 9965 X l0- 2
(Mrn)

312 tsec (42) 

(43) 

J' - (3/2)(R /R >2 J a l. 63197 X 10-3 
eq e 2 (44) 

11 = 11 - w t - J'k t(R / 9.,>2 cos i/(a3/2) 
0 e e e 

(45) 

11 4> 0 
-1 (cos i B ) = - tan tan 

0 0 
(46) 

Bo 
-1 /sin i) = sin (cos 

0 
(47) 

where the initial heading de termines the quadran t of the inclination 

angle i. For example, a southeast e rly initial heading places the 

inclinat'~n angle in the fourth quadrant. The quantities R and R 
e eq 

are, reqpec tivel y , the mean and equatoria l radii of the earth. 

These expr essions give the approxi mate position for bound 

orbits. The circular orbit case follows f rom these by setting c = 0. 

Since the r esulting equat ions are quite simple fo r this special case, 

extraneous computations of 9. , E, E, and a have been avoided by pro­

gramming the circular case separately. 

Once the spacec raft position has been defined either as a 

point set trajectory or as an analytic Keplerian orbit, the environ-
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aent aust be specified so that dose calculations can be made. In 

TANDE the enviroruaent is specified as a function of 8 and L, as the 

use of magnetic coordinates simplifies the description of the environ­

ment. Band L values are calculated for each orbital position and 

saved for use in the enviroruaent calculations. 

The magnetic coordinates are the magnetic flux density B 

and the shell parameter L developed by Kcllwain and are directly 

related to the first two invariants to the motion for trapped particle 

radiation. Lis the magnetic shell parameter that labels the shell 

upon which the guiding center of the tr2pped particles is adiabatically 

confined as it drifts aroJnd the earth. Mcilwain has shown that Lis 

approximately constant along the real magnetic field line. In a dipole 

field, Lis rigorously constant along the field line and has the geo­

metric property of being equal to the equatorial distance from the dipole 
center to the field line. The 8 surfaces and L surfaces for a dipo!~ 

field are shown in Figure 12. For the real field these smooth, 

sy.aetrical surfaces are warped and asymmetrical, particularly at 

low altitudes. 

Vette'~ latest electron and proton maps (Refs. 3 to 9) are used 

to obtain the omnidirectional integral fluxes at each B-L point. The 

electron maps used are AE4 for L value greater than 2.8 and AES for 

L values less than or equal to 2.8. A smoothed proton map is used. 

It is made up of APl, APS, AP6, and AP7. A modified version of 

Program MODEL (Ref. 5) is used by TANDE. 

The differential flux is obtained for the bin which has 

EGRID(l) as the mid-point by 

FLUXi-l - FLUXi+l DFLUX • _ __,;;_....;;__,; ____ _ 
EGRIDi+l - EGRIDi-l 

where FLUX1 is the integral flux at energy EGRIDi. 
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Figurl' 12 . Th e Geom tr y of th e R-1. Cuord ina l C> Sys t em 
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The dose rate in rads/hr at this point is given by: 

NGRID 
DOSE RATE• l DCFi * DFLUXi 

i•l 

where NGRID is the number of DCF energy values. The accumulated dose f~r a given trajectory is given by: 

N 
DOSE• ). (Ti - Ti-l) 

i•l 

where OOSERi i s the dose rate at time Ti. 

(49) 

(50) 

The card input deck for TANDE i s as shown in Figure 13 and Table 10. Since it is possible to do many different types of problems, the input deck may vary a great dea l from one problem to the next. 
It is possible to save a traj ectory with B, L, R, and Lambda already calculated by requesting Tape 7 as a phys ical tape . This tape may 
then be run with di i fe rent shielding dos convers ion fac tors. This saves recomputing th traj ect ory. 

Any combina tion of prot on, elec tron, and bremsstrahlung DCFs may be used for a given problem . The dose and dose rat es for each particle and the t ota l dose and dose r a t e of a ll parti c les used In 
this problem will be printed when the environment print out is ca lled 
for. The integral fluxes and fluences for five ene r g ies are also printed. 

The DCFs are pun hed by the transport codes ana a re in the prope r fo rmat to be r ead by TANDE. They must be inserted in the proper order wh en more than one particle is used in a problem. The orde r i s first, protons; second, electrons; and third, bremsstrahlung. 
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SECTION VIII 
DOSHAP 

Program DOSHAP is a ■odified version of Vette's Program 
HODEL (Ref. 5 ). This program finds the dose rates for 700 B-L 
points behind a shielding distribution produced by the transport 
codes. The 700-point 8-L grid is given in Appendix B. The dose 
rate calculation is done the same way as it is done in Program TANDE. 

The card deck setup is as shown in Figure 14 and Table 11. 
Any combination of shielding distributio~s for protons, electrons, 
or bremsstrahlung may he used in a given problem. The dose rate 
map will be the sum of whichever particles are called for. When 
both electron and brems DCFs are used in the same problem, their 
DCFs are added so that Vette's electron maps only need be called 
once to get the dose rate for electrons and bre•strahlung. 
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In lud~• onl y i f lBR=l ---~ 

In c lude onl y if 
lEL:: l ---- - --::~ 
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fT IT LE( 5) , , 'S 
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315 

Figure 14. DOSMAP Card Input Schemati c 
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APPENDIX A 

ENERGY GRIDS 

Proton Range and dE/dX Energy Grids for HEVPRT 

0.' .1, • 15 I 

.2 to .9 t-y . l MeV In crements 

1. 2 to 2.8 by .4 MeV Increments 

3.4 to 4.6 by .6 MeV Increments 

5.5 to 10.0 by 1.5 MeV Increments 

13. to 19. by 3. MeV increments 

24. to 36. by 6. HeV Increments 

45. to 75. by 15. MeV increments 

100. to 580. by 30. HeV Increments 

620. to 860. by 60. HeV Increments 

1000. 

Mass Attenuation Coef f icient Energy Grid for BREMSS 

,01, ,02, .05, .1, .2, .5, l. I 2. t J., 4. I 6. I 8. I 10. 

Buildup Factor Hean-Free-Paths for Each Mass Attenuation Coefficient 
Energy Used in BREMSS 

1, 2, 4, 7, 10, 15, 20 
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Proton DCF Energy Grid 

1. 

185. 

to 

to 

Electron and 

.1 to 

1.1 to 

5.25 to 

179. by 2. MeV Increments 

995. by 10. MeV Increments 

Bremsstrahlung DCF Energy Grid 

1.0 by ,05 MeV Increments 

5.0 by .1 MeV Increments 

8.0 by .25 MeV Increments 

Electron Range and DE/DX Energy Grids for EPENSS 

.01 to .10 by .005 MeV Increments 

.15 to 1.0 by .OS MeV Increments 

1.1 to 2.0 by .1 MeV Increments 

2.2 to ~.o by .2 MeV Increments 

3.5 to 10.0 by .5 MeV Increments 

20. to 60.0 by 10. MeV Increments 

80. • 
100. to 600. by 100. McV Increments 

800., 1000. 
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APPENDIX B 

B-L GRID FOR DOSMAP 
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8 VALUES FOR L 1.20 

• 111, 
ell!I 
ellSI 
.1111 
e lCJII 
• lCJ20 
elCJ51 
.tCJ10 
elCJCJI 
.2121 
.201to 
.2111 
.2190 
• 2111 
.21 .. 1 
.2161 
.2111 
• 2211 
.2250 
.2211 

B VALUES FOR L 1.35 

, 1267 
.1l21 
, lll0 
, lCtlt0 
, llti0 
, 1550 
, 1610 
, 1660 
, 1720 
, 1760 
, 1830 
, llCJO 
, lCJft0 
• 2000 
, 2060 
, 2110 
,2170 
, 2230 
, 2280 
• 23ft0 

8 VAWES FOR L 1.25 

,1596 
,1630 
, 1670 
,1710 
,17ft0 
, 17d0 
, 1820 
,1860 
,1&90 
, lilO 
,1970 
.2000 
,ZOltD 
,2080 
.2110 
,2150 
, 21 ~, 
• 2230 
,2260 
,2300 

8 VALUES FOR L 1.40 

, 1136 
, 1200 
, 1260 
, 1330 
, lftOO 
,lft60 
, 15]0 
• 1 c;90 
, 1660 
, 1720 
,1790 
• 18c;o 
, 1CJ2D 
,1980 
, 2050 
, 2110 
, 2180 
,221t0 
, 2310 
, 2370 
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8 VALUES FOR L 1.30 

,lftl~ 
• 1 It 70 
, 1510 
, 1560 
,1610 
, 1660 
, 1700 
, 1750 
, 1100 
, 1850 
, 1890 
, 19 ftO 
• l CJ90 
• 20 lt0 
, 2080 
, 2130 
• 2180 
.?.230 
.2210 
, 2320 

B VALUES FOR L 1.45 

.1022 

.1101 

.1110 
,121t0 
,1310 
• 13 CJD 
e lft60 
, 1530 
e 1610 
.1&80 
• 11c;o 
.1830 
.1900 
• 1970 
• 20 .. 0 
,2120 
, 2190 
, 2260 
,231t0 
.zc.10 



B VALUES FOR L 1.50 B VALUES FOR L 1.60 B VALUES FOR L 1. 70 

.19Zl • 0 7f,1 • Of> l'+ 
• 1000 ,0650 • 0 7 CtO 
.1080 .o~so • 06Ct0 
• 11 f>O .1oc.o • 0 9 so 
.12c.o • 11 JO • l O 50 
.tl20 • 12 20 .1150 
• tftO 0 ,1]20 , 12&0 
.ta.ea .1i.10 , 13 &O 
.1c;&o .1,00 .tC.70 
.161t0 ,1590 , 1 c; 70 
.1120 • H,90 ,1670 
• 1801 • 17 60 • 17 60 
.1110 .1870 ,1880 
.1960 ,1960 .19qo 
• 201t0 .zor,o ,2090 
.2121 • 2150 • 2190 
• 22 a o ,22ft0 ,ZJOO 
.zzsc; • 2 3 ]0 , 2'+00 
.?360 • Zit JO • zc;10 
.2Ctft0 , 25 20 • 2& 10 

B VALUES FOR L 1.80 B VALUES FOR L 1.90 B VALUES FOR L 2.00 

, OSlft , 0 ft 5ft ,0390 
, 0&50 • 05 70 • 0520 
,07&0 ,0&90 ,O&CtO 
• :)8 70 • 0 810 ,0770 
,0990 • 0 9 JJ .0890 
• 1100 , 1050 , 1010 
, 1210 ,1170 , 11 CtO 
• 1320 • l 290 • l 2 70 
,lft'+O ,1'+1:l .1i.oo 
• 15 50 • 15 30 , 1520 
• 1660 • 1650 ,1&50 
• 11eo • 1770 , 17 0 
,1890 • 1890 , 1t;OO 
.zooo , 2010 , 20 30 
, it 20 , ? 130 ,2150 
, 22 30 , 2250 , 2280 
• 23«.0 • 2 3 70 .2«.00 
.Z«.50 , 2'+90 ,2530 
, 2S 70 • ?610 , 2&50 
, Z&d 0 • Z 130 ,2760 
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B VALUES FOR L 2.20 

.IZ9J 

.1-.Jo 

.1510 

.1111 

.1150 

.1991 

.tlll 

.1110 

.1-.11 

.1c;c;1 

.1690 

.1131 

.1971 
• 2110 
.22c;o 
.2391 
.2531 
.2670 
• 2110 
.2911 

8 VALUES FOR L 2.80 

.01:.2 
• 0310 
• oc.ao 
• 0&60 
• 0830 
.1000 
• 1170 
e llltO 
.1,10 
• l&<iO 
• 1860 
• 2030 
• 2200 
• 23 70 
• zs .. o 
• 2710 
• 2890 
• )060 
• 3220 
• JC.O 0 

B VALUES FOR L 2.40 

.02zc; 

.0370 
• 0520 
.0&70 
.0120 
.0960 
.1110 
.1260 
.lftlO 
• 1si;o 
.1100 
.11so 
• 2000 
.21 .. 0 
• 2290 
.z .... o 
.2590 
.2730 
.2aao 
•.JOJO 

8 VALUES FOR L 3.00 

• 01 ts 
• 0200 
• 0 .100 
.oc.oo 
• 0500 
• 0 700 
• 10 00 
• 1200 
• 1500 
• 190:J 
• 2200 
• 2600 
• 29 00 
• 3200 
• 3600 
.3900 
• ft JOO 
• C.700 
• 5200 
• c;eoo 
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B VALUES FOR L 2.60 

.0177 
• OJ .. O 
.osoo 
• Qf, 50 
.0110 
.0970 
.1130 
.1290 
• 1,. 50 
.1610 
.1770 
• 19 30 
• 2090 
• 2250 
.2 .. 00 
.2560 
.2720 
.zaao 
• JO ,.0 
• J200 

8 VALUES FOR L 

.1095 

.0200 

.OJOO 
• OftOO 
.osoo 
• 0700 
.1000 
.1zoo 
.1500 
.1900 
• 2200 
.2600 
.2900 
• 3300 
• 3600 
... ooo 
eftlOO 
• ft800 
.a;200 
.a;aso 

3.20 



. 
B VALUES FOR L 3.40 

.1179 

.1100 

.0111 

.01too 

.oso, 

.1,00 

.1000 
• 1200 
.tSOI 
• 1901 
.2201 
• 2600 
.2900 
.3301 
• 3601 
.,ooa 
,t.301 
.,100 
.szoo 
.saao 

B VALUES FOR L 4.50 

• 003ft 
, 010 3 
, OlO 0 
, 0300 
,0500 
,0700 
, 0~ 0 0 
, 1200 
, 1500 
• 1900 
• 2200 
, 2&00 
, 3000 
, 3300 
, ]700 
,ltOOO 
, ltlt00 
,1t900 
• 5300 
, 5990 

B VALUES FOR L 3.60 

.0067 
,0100 
, OJOO 
• 01+00 
,0500 
,0700 
,1000 
,1200 
,1500 
.1~00 
• ZlOO 
,Z&OO 
• 2900 
, llOO 
, 3700 
,«.000 
, ,.,. 0 0 
, lt800 
,5100 
• 5930 

B VALUES FOR L 5.00 

, 0025 
,OlOiJ 
, 0200 
• 0300 
, 0500 
, 0 700 
,0900 
, 1200 
, 1500 
, 1900 
, 22 00 
, 2600 
, 3000 
, 3 JOO 
, 3700 
.1+000 
,ltlt00 
,lt900 
,5'+00 
, 6000 
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B VALUES FOR L 4.00 

, 001t9 
,0100 
.0200 
, 01+00 
, 0500 
,0700 
,0900 
.1200 
, 1500 
, 1900 
• 2200 
,2600 
, 3000 
, llOO 
, 3700 
,ftOOO 
,ltl+OO 
.reaoo 
,5300 
,5960 

B VALUES FOR L 5.50 

.0019 
, 0100 
• 0200 
,0300 
,01+00 
,0700 
• 0900 
,1200 
,1500 
.noo 
.2200 
,2600 
,3000 
,3300 
, J7 00 
.a.ooo 
,ltlt00 
,lt900 
,51t00 
,6010 



B VALUES FOR L 6.00 

.,,1 .. 

.1110 

.0200 

.0301 

.oc.oo 

.0100 

.0900 

.1200 

.tsoo 

.1900 
• 2200 
• 2600 
• 3001 
.3300 
.1100 
.r.ooo 
., .. 01 
... 900 
.s-.oo 
• 6011 

B VALUES FOR L 7.50 

• 0 00 7 
• 0100 
• 02 0 0 
.0300 
• OftOO 
• 0 7 0 0 
• 0~ 0 0 
• 1?0 0 
• 150 0 
• 190 0 
• 2200 
• 2&0 0 
• JOOO 
• 330 0 
• 3700 
... 100 
• .... 00 
... 900 
• ,,. 0 0 
• &O JO 

B VALUES FOR L 6.50 

.0011 

.0100 

.0200 

.OlOO 
• Olt 00 
.0100 
.0900 
.1200 
.1500 
.1~0!) 
.2200 
. n,oo 
.1000 
• lJOO 
• l7 00 
.-.ooo 
..... oo 
.4~00 
• ,,. 0 0 
• &020 

B VALUES FOR L 8.00 

• 000& 
• 0100 
• 0200 
• O JOO 
.!JC.OD 
• 07 00 
• 0900 
• 12 00 
• 1500 
• 1900 
• 2200 
• 2600 
• JOO() 
• 3JOO 
• 3700 
... 100 
..... oo 
• ft 9!>0 
.sc.oo 
• &O 30 
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... -.. -.. ... - -· 

B VALU ES FOR L 7.00 

.0009 
.0100 
.ozoo 
.0300 
.o .. oo 
.0100 
• 0 300 
.1200 
• 15 00 
.1900 
• 2200 
• 26 0 0 
.JOOO 
.3300 
.3700 
.i.ooo 
.c.c.oo 
.lt90iJ 
., .. oo 
.&020 

8 VALUES FOR L 8.50 

.0005 

.0100 

.0200 

.0300 
, Oft O 0 
,0700 
,0900 
• 1200 
,1500 
, 11:UO 
.zzoo 
,2600 
, 30 0 0 
• :noo 
.3700 
, ltl 00 
, ltltOO 
... 900 
.c;,.oo 
ef>O 35 



B VALUES FOR L 9.00 B VALUES FOR L 9.50 B VALUES FOR L 

.110-. 

.Otll 

.1211 
elJOI 
.1-.0 o 
.1100 
.a,01 
.1201 
• 11500 
.1,01 
• 2200 
.tt.oo 
• 3011 
.JJIO 
.3700 
.,100 
..... o, 
.,1100 
.s-.oo 
• 61 Jlj 

B VALUES FOR L 10.50 

• 000 l 
• 0100 
• 0200 
.0100 
• OltO 0 
• 07!>0 
• 090 0 
.1200 
• 15 0 0 
• 1900 
• 2200 
.2&0 0 
• JOO 0 
• HOO 
• 370 0 
• «.100 
• ltltO 0 
•'+Ii~ 0 
• 51+0 0 
• &C~O 

.OOOlt 

.0100 
• 0200 
.0]00 
• OltOO 
• 0700 
• OiOO 
.1200 
.1500 
.1900 
• 220 0 
• u,oo 
• lOOO 
e llOO 
• 37 00 
.c.100 
.1te.oa 
.lt900 
• 5ft O 0 
• &O ltO 

B VALUES FOR L 11.00 

.0002 
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.0100 

.0200 
• 0 JOO 
.OltOO 
• 0 700 
• 0900 
.1200 
• 1500 
.1900 
• 2200 
• 2600 
• 3000 
ellOO 
• 37 00 
... 100 
• ltltOO 
• lt900 
., .. oo 
• &O ltO 

.000] 

.0100 

.0200 
eOlOO 
.Ol+OO 
• 0 700 
.0900 
• 1200 
.1500 
.1900 
• 2200 
• 2600 
.JOOO 
• ll 00 
• 1700 
.1t100 
.1ta.oo 
elt900 
• 51t00 
• 6 0 ltO 

10.00 



APPENDIX C 

SAMPL E £NPUT AND OUTPUT 

The fo llowin g page s onta in sampl e inpu t a nd out put fo r t wo 
sampl e prob l ems . The t wo s hi e ldin g vehi cles a r e a s implifi ed a luminum 
l'quiva l e nt Apo ll o Co mmand/ Se rvi ce Module a nd a "tes t cas e " vehi l e 
• insis ting uf five se t or s o f a luminum an d ti ssue . 

74 



HEVPRT SAMPLE INPUT 

2 0 0 
TISSUE 

2· AL TISSUE 
5 CHC:CK 
2 .z 1. AL s. TI ssu:: 
2 .z 2. AL 5 • TISSUE 
2 • 2 3. AL 5. TISSUE 
z • 2 ,.. AL s. TISSUE 
2 .z 5. AL 5. TI SSU: 

19 APOLLO 
1 • 0027 1. &8 AL 
1 • 1 lt98 1.81 AL 
1 • 017& J. 6 AL 
1 • 0038 ... 1 AL 
1 • 0030 ... 2 AL 
t • 0 lC.5 5, 0 AL 
1.0106 s., AL 
1 .02c;9 7. l AL 
1 • 0650 ,. 5 AL 
1 • 1 lt8 J 8.5 AL 
1 • 0170 9. 7 AL 
1 • 0 937 10 • 6 AL 
1 • 0529 11.0 AL 
1 .0ltl9 13, 0 AL 
1 • 0 712 ll.9 AL 
1 • 0615 15,6 AL 
1 .0196 11.1 AL 
1 ,0577 zz.o AL 
1 .1516 28.0 AL 
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HEVPRT SAMPLE INPUT 

S£CT0RINC INF'OR"ATION 
VEHICLE 011£ APOLLO 

•••••••••••••••••••••••••••••••••••••••••••••••• 
l I. o. 

l 

•••••••••••••••••••••••••••••••••••••••••••••••• 
z N"t£ 

l AL 
I.o. 

l 
X 

l, al 

•••••••••••••••••••••••••••••••••••••••••••••••• 
SECT0~ NU110ER l I• o. 

l 
X 

l. 60 

•••••••••••••••••••••••••••••••••••••••••••••••• 
SEC TO~ NJl18 ;R I. o. 

l 

•••••••••••••••••••••••••••••••••••••••••••••••• 
SECTOR NUN~ER s NAM! 

l Al. 
I. 0, 

l 
X 

... zo 

•••••••••••••••••••••••••••••••••••••••••••••••• 
I• De 

l 
l( 

s.oa 

•••••••••••••••••••••••••••••••••••••••••••••••• 
SECTOR NU118ER 7 NAME 

l AL 
I. 0, 

l 
X 

5. 70 

··································~············· SECT0~ ~IUNBC:R a NAN! 
l H 

I. D. 
l 

X 
7 • 10 

•••••••••••••••••••••••••••••••••••••••••••••••• 
SECTO~ NIJ'tBE~ 9 I, 0, 

l 
X 

,. 50 

•••••••••••••••••••••••••••••••••••••••••••••••• 
SECT0~ NUl'tBC:R 10 NAM; 

l AL. 
I. o. 

l 
X 

e. so 

•••••••••••••••••••••••••••••••••••••••••••••••• 
SECT0~ NU118U 1l NUtE 

l AL 
I. o. 

l 
X 

9. 70 

•••••••••••••••••••••••••••••••••••••••••••••••• 
lZ NA11E 

l AL 
I• o. 

l 
X 

10.60 

•••••••••••••••••••••••••••••••••••••••••••••••• 
lJ NAltE 

l AL 
I,D, 

l 
X 

l l. 00 

•••••••••••••••••••••••••••••••••••••••••••••••• 
lit I. o. 

1 
X 

ll. 00 

•••••••••••••••••••••••••••••••••••••••••••••••• 
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. 12 
8 3
I <fw a o
• o or 
r ui o 
u &
K v» ► • 

o O 
C sr O' itJ
O O Ui (A
4J»- z I 
Q o iU (Sf
ij Of •

*»»-►- o
V z o 
«•> uj or «/>

* o a z «o 
X u ►- ♦-
V z z o
o Ui Of 
4 O O. 
ft U *-*

« O U.
»-i z o

U. ►- 
O Z 

Ui ui »-
lA IT X W
K «0 Z
N« U. 3
Z U. Of
3 *H UJ Z 

O > *H 
Z O 

J MW Ul
I Z z o
> w *- o
I ft M ^

< V »- lA

;
w rv' tA 3
3 o or u. X
lA ►“ O O
«A O >- O M 
M < U Z X
K Z

U. ►-
lA Z -J >C 
M O Z 3 3 

M O CA ^
« V tA Of
M i.i or z
O' > UJ Ul o

O III Z > X M
^ M O Z M o
_j CJ o ry
O Z O L» o. 
a Ul z
« or cA w M ►-

HEVPRT SAMPLE OUTPUT

CA
Z

o

o
w
(A

s
X

X
(3
»-«
X
z

Z '
o

O (A M Z 
o O < (U 
o z o

O bl O M 
(A X Ui Ui U
® ^ “

m 
w Z

w I

Ui z 
X -«

X M Z 
M Z M 
M

X a 
X • MOW
o u. M z 3 
^ ^ o ^ < o 
w K 3

z
o

■SSSSSSSSSSSSSS2SSSSSSSSSSS2SSSSSSSSSS2S2SSS
. UJ Ul Ul W W UJ I * ■ ■ -*. . . . . . • • • » • • •

Z
O

SSSSSSSiSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS

|5. . . .

Z t9 
« K

cn V tA r • • 
^ *- tA z ul

o M M ^ w r
Ul V Z ® I-4 V
M •«. ?5 lA «A
CA O o z O
M Z Ul Ui <
w »-• Z Z Of

Z
o

M UJ M
tA »ii < ^ CA
Z Z Z *- lA o 
O O « CD z Z

Ul Z
M O W CA > o
O Z X O M Z M
« TA O 'll Z M o u
U Z -1 ® O Z O 4

W CL O
Z CA ® ► lA Ik

w
O <» « III Z CA
M X Z Z Z M o
(A Ul Z
tt Z > Ul o M o
til O M (A O 
> M O O 3>
Z M O l4l (A 4 >
O < CA X W
O «J Ul O M V

3 M « Ul w
Ul U O Z M w M 2
M ^ Z 4 y M W
S u Z 4 (A z w

Ul M Ui
111 CA O 3 (A
X M W M «l M 
^ X X 4 X

»- M 4 > M

IA#ANi*AfA»AP»«A lA*A«A^fAf>
oeoooooooeooeoooooeoooee 
■ ■<«■■■*.>..... . . . . . . . . . . . . . .

>«•■•«•••••••••

>o«roeeeeoeoeooo

! j: *: ^ c ^ ^ u?j ^ „>v j ^ u? ►: u „• u>* ^ ^ ul ^ ^ ^



EPENSS SAMPLE TNPUT 

z 0 
? -L rrssu~ ; CH .:CK 

' ,2 1 • AL s. rrssur 
, .z 2 • AL s. TISSU E z • c: 3 • AL 5 • TISSU E 2 .z '+ • AL s. TISSU E ? ,2 5. AL 

~ . TISSUE 1-1 APULLJ 
1 , w: 27 1 ,l:>8 AL 1 ,11t98 1 • 61 AL l ,1117& J,& AL 1 ,0)36 '+. 1 AL 1 ,BJ ~ '+. 2 AL 1 .a .'ts s. J AL 1.01:.6 5.7 AL 1 ,J,~9 1, 1 AL 1 • u ;~~ 7.~ AL 1 .1 .. a3 8 ,S AL 1 , ,j 17 J Y,7 AL 1 , C ~ 3 i 1C,b AL l .c;z9 11, 0 AL 1 ,w .. J~ 1 3 , u AL 1 .~712 13, 9 AL 1 , II b15 1~.6 AL 1 ,019~ 17,7 AL 1 .~;77 Z 2 • 0 ~L 1 el ;1~ 2 6 • 0 AL 
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IPDSS SANPLI OUTPUT 

• .. D C, D C, C, D C> C• C> ... c:, C, 

... .. ... "' 0 ... .. "' "' ... .., ... 
• . • . • . • • . • . • . • . • . • . . • . • . • . • 
• .... • . .. • . .., • . .. ,. .. • .. "' • XV\ • ..... • ..... • .. ., .. 17' • IC 0 • .... • ,. .., • 
• • • • • • • • • • .. • ... • .. • 
• • • • • • • • • • • • • 
• • • • • • • • • • • • • 
• • • • • • • • • • • • • 
• • • • • • • • • • • • • 

• • • • • • • • • • • • 
• • • • • • • • • • • • 

z • • • • • • • • • • • • 
00 • • • • • • • • • • • • 
M..I • • • • • • • • • • • • ... .. "' • "' • w • "' r • .., • w • "' • .., • "' "' • w • w • "" • 
.. o I. • a; • I: • s: • r • a: • a: • a; • a: a • I. • E • a: • 
E~ .... • .. .J • .. .J .. .J .. .J • .. .J • .. _, • .. _, • .. .. • .... .... .. .. • .. .J • .. .. • 
,,., .. Z• • z .. • z .. Z• Z• • Z• • z .. • z• • z .. • z• 'Z. 7 .. • Z• • Z' .. • 
0 • • • • • • • • • • .. . • . . • • • . • • 
... ' • • • • • • • • • • ... • • • • • • • • • • • 

.... • • • • • • • • • • • 
-, y .. • .. • .. .. .. • .. • .. • .. • ... • ... • ... • ... • ... • 
Z• • • • • • • • • • • • 
-z • • • • • • • • • • • ,.. • • • • • • • • • • • • • 
UL• • • • • • • • • • • • • • ... _, • • "' • ,... .. • "' • ., • ... • ., • "' • ... • .. N • ,.. • .. • 
flU • • • • • • • • • • .. • .. • ... • .. • ... • 
,., ... • • • • • • • • • • • • • • • 
VI T • • • • • • • • • • • • • • • 

" ' • • • • • • • • • • • • • • • 
> • Ck • D' • ,.. • Q' • Q' • Q' • D' • Ck • D' • D' • Q' • Ck • Ir • ~ • 

• ,., • ,., • .., • ,,, • "' • ., , • ~ • ,., • ,., • 1, 1 • ,., • ,., • .,, • ,., • 
• Ill • Cl) • Cl) • ,., • a:, • Ill • • 1%) • Cl) • Cl) • CD • Ir' • ,r.. • tr • 
• ~ • I. • E • r • ~ • ~ • I: • r. • T • E • r • r • ,: • ,: • 
• :::, • :::, • :::, • :::, • :::, • :::, • :::, • ::, • ::, • ::, • :::, • ::, • E • ::, • 
• z • ~ • z • z • z • z • 'Z • z • z • 2 • z • z • • • 
• • • • • • • • • • • • • • • 
• Cl' • Ck • "' • II' • Ck • O' • O' • D' • Ck • D' • Q( • rr: • fr • Q • 
• 0 • 0 • 0 • 0 • 0 • 0 • 0 • 0 • 0 • 0 • 0 • 0 • 0 • 0 • 
• ... • ... • ... • ... • ... • ... • ... • ... • ... • ... • ... • ... • ... • ... • 
• u • u • ,, • u • u • u • u • u • u • u • u • " • ,, • u • 
• . ' • .,, • .,, • , .. • U I • "' • '' • ,., • .... • ,._. • .. , • laJ • .., • .. , • 
• V, • VI • V, • V, • U'I • V, • V, • VI • VI • V, • U'I • V, • VI • V, • 
• • • • • • • • • • • • • • • 
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BRDISS SAMPLE INPUT 

z 0 0 
2 AL TISSUE 
5 CHE~ IC 
2 .z 1. AL 5. TISSUE 
2 • 2 2. AL 5 • nssu:: z .2 3. AL s. TISSU: 
2 . z ... AL 5 • TISSUE 
2 .z s. AL s. TI SSU: 

19 APOLLO 
1 .0027 1.68 AL 
1 • 1 ft98 1.81 AL 
1 .0176 J.& AL 
1 .0038 ... 1 AL 
1 • 0030 ... 2 AL 
1 .Ollt5 s.o AL 
1.010& s.1 AL 
1 .D259 1.1 AL 
1 .0650 7. 5 AL 
1 • 1 ft9 J 8.5 AL 
1 • 0170 g. 7 AL 
1 .0837 10.6 AL 
1 • 0529 11.0 AL 
1 • 0 ftl g 13.0 AL 
1 .0712 t .J. 9 AL 
1 • D 61 5 15.6 AL 
1 .0196 11.1 AL 
1 .0577 22.0 AL 
1 • 1518 28.0 AL 
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