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PROTON TISSUE DOSE FOR THE BLOOD FORMING ORGAN
IN HUMAN GEOMETRY: ISOTROPIC RADIATION

By G. S. Khandelwal™ and John W, Wilson
Langley Research Center

SUMMARY

A computer program is described which calculates doses averaged within five
major segments of the blood forming organ (BFO) in the human body taking into account
self-shielding of the detailed body geometry and nuclear star effects for proton radiation
of arbitrary energy spectrum (energy less than 1 GeV) and isotropic angular distribution,
The dose calculation includes the first term of an asymptotic series expansion of trans-
port theory which is known to converge rapidly for most points in the human body, The
result is always a conservative estimate of dose and is given as physical dose (rad) and
dose equivalent (rem).

INTRODUCTION

A necessary requirement for radiation shield and dosimeter design and for space
mission analysis is a reliable method of calculating the anticipated dose distribution in
the human body for the pertinent radiation environment, Customarily, the human body is
approximated by a simple geometric object (such as a sphere, slab, or cylinder) with
resultant disagreement among the various approximations (ref. 1) and consequent dis~-
agreement on shield and dosimeter design and impact on mission objectives.

Described herein is a computer program which calculates proton dose averaged
over five major segments (upper limbs, lower limbs, upper trunk, lower trunk, and skull)
of the blood forming organ (BFO) by treating the human body geometry in detail (refs. 2
and 3) but assuming isotropicity of the incident primary particles. The calculation uses
an approximate form of transport theory in which nuclear star effects are incorporated
(refs. 4 and 5). The output of the program is in terms of physical dose (rad) and dose
equivalent (rem).

*Professor of Physics, Old Dominion University, Norfolk, Va.



SYMBOLS

D()?) dose at the point X, rad or rem
E incident proton energy, MeV
5 (t) areal density distribution function, ,
g/cm?2
R(t,E) dose response at depth t for protons of energy E, rad or rem
proton/cm?2
t depth from surface or areal density, g/cm?
X vector locating point within the body, g/ cm?
a vector denoting direction of motion of radiation, dimensionless

¢><§,E> proton differential fluence spectrum, protons/ cm2-MeV-sr
THEORY

An asymptotic expansion for the dosé at a point X is derived in reference 5. The
first term of the expansion is an accurate approximation of the dose given by

p(X) = yooo S'Q R[t(ﬁ),E:lqb(ﬁ,E) s dE ' (1)

where the errors are second order in the expansion parameter 6§, which is the beam
width. In equation (1), ¢(§,E> is the proton fluence spectrum in the direction § with
energy E, R(t,E) is the fluence-to-dose conversion factor at the depth t for normal
incident protons on a slab, and t(ﬁ) is the distance from the body surface to the point X
along the direction . When the proton fluence spectrum ¢(§,E) is isotropic, equa~

tion (1) can be written as

D(X) = yooo o (E) gﬂ R[t(ﬁ),E] as dE @)

since ¢ is no longer dependent on & (that is, ¢(BE) = ¢(E)>.

It is advantageous to replace the integral over § by an integral over the depth t
of tissue, This can be accomplished by the correspondence between the fractional solid
angle and the depth t of tissue. Thus, the above integral can be written as



D(X) = 4r 5"000 o (E) 5000 R(t,E) £, (t) dt dE @3)

with

f (t)dt=1 4
§, =0 @)

where fx(t) is the areal density distribution function for the point X. The quan-

tity fy(t) dt is the fraction of the solid angle for which the distance to the surface
from the point X lies between t and t+dt. The areal density distribution func-
tions of Billings et al. (table 1) are discussed in reference 3 (see also refs. therein
and in particular their ref. 23) and differ markedly from their original data in refer-
ence 2. The function R(t,E) is given in references 4 and 5. In the program, the
integrals over areal density and energy are performed using the Gauss-Legendre quad-
rature formula (ref. 6). '

PROGRAM DETAILS

The data for the program are self-contained except that the user supplies a sub-
routine to generate the primary fluence spectrum (protons/cm2-MeV-sr), A sample
spectrum is supplied with the program for initial checkout. The output for this sample
calculation is given in tables 1 and 2,

In the program, an intermediate function Rx(E) is calculated by evaluating
(=]
Re(E) = | RILE) 1) ot (%)

after which the dose is evaluated as

D(X) = 47 f:max Rx(E) ¢(E) dE (6)

where Epmax is restricted to 1 GeV. A brief explanation of the principal subroutines is
given below,

There are three basic functions to be generated for the calculation. These are the
areal density distribution function, the fluence-to-dose conversion factors for normal
incidence on a slab, and the incident fluence spectrum. Two numerical integrations are
then performed to evaluate first equation (5) and then equation (6). These calculations
are performed in the following subroutines:



Subroutine Purpose

APDF Generates areal density distribution for five segments of BFO and
BFO average

ARES Generates the fluence-to-dose conversion factors R(t,E)
SPECT@R Generates the incident fluence spectrum (protons/cm2-MeV-sr)
ROFE Generates the function Rx(E) given by equation (5). The entry

point RTAB generates a table of Rgx(E) for interpolation.

BD@S Generates the dose D(ﬁ) at point X by computing the final inte-
gral over energy as indicated by equation (6).

The program requires no input other than the incidence spectrum supplied by the user.

A listing of the program is found in the appendix, The language is FORTRAN IV
and written for the CDC 6000 series computers. Although it was originally programed
on a 60-bit machine, round-off error on shorter word machines should not be a problem
for these calculations. The incident spectrum in the list is

=
¢(E)_E

with a sample output from the program given in tables 1 and 2. This sample calculation
requires 112 seconds of CPU time on a CDC 6600 and 25000 (octal) locations.

Langley Research Center,
National Aeronautics and Space Administration,
Hampton, Va., October 23, 1974.



PROGRAM LISTING OF THE DOSE CALCULATION

PROGRAM GSK(INPUT sQUTPUT s TAPE3=0UTPUT)

COMMON/ALPHA/ZALLRP

REAL. COSEF(6s2)

ALP=1 @

ALP=%,

CALL INITIAL

CALL. BDOS(DOSE)

PRINT 1

PRINT 2 s (O0SE(I)+sl=146)

PRINT 3s{(DOSE(1})s1l=7412)
1 FORMAT (30X e ¥

1L AVE BFQ#//)

2 FORMAT (30Xe% REM¥* s 6E10e1//)
3 FORMAT(3UXae¥* RAD¥ 462101 ///7)

END

SUBROUTINE INITIAL

REAL ADI(25):PDF (6)

APPENDIX

LO TRUNK S<uU

DATA AD /lel 4l e32%01 6597901092026 332 67503020800 4eB8392675:68992:8635 0
110en S el a9l 8653170502109 2F69030602336e50¢48 835 3eeH3e587608991e5H/

A=1,
CALL INTAPDF
PRINT 4

4 FORMAT(IMYL o/ /72 /7)
PRINT %

5 FORMAT (% THE BILLINGS
INCTIONS ARE*s////)
PRINT 3

2 FORMAT (* THICKNESS
INK LO TRUNK

DO 1t 1=1425

CALL APDF (AD(1)sPIF)
1 PRINT Z2sAD(1)+PDF
2 FORMAT(7E1%.3)

PRINT 4

CALL RTAB(A)

RETURN

END

DISTRIBUTION FuU

Hl TRU



APPENDIX - Continued

SUBROUTINE BDOS(DOSE)

C THIS SUBROUTINE COMPUTES THE DOSE AT POINT X BY COMPUTING THE
C INTEGRAL OVER ENERGY THE INTZGRAND HEING THE PRODUCT OF
C THE INCIDENT FLUENCE SPECTRUM ANC THE DOSE RESPONCE
C AT POINT Xs RSUBX OF E

REAL ANS(632)58(6+2)DOSF (6H42)

EXTERNAL POX

THK=1+101

CALL. AMI(THKsEMIN)

EMIN=EMIN+«5S

EOTH=EMIN+10e

Ml=mM2=23

CALL MGAUSS(EMINSEOTHsM]1 sDOSE«POXsAs12)

CALL MGAUSS(EOTHs 10006 sM2s ANSsPOXeAs12)

DO 1 L=1s+6 ’

DO 1 I=1s2

1 DOSE(Le I )y=DOSE(L+ I )Y+ANS(L+1)

RETURN

END

SUBROUTINE POX(X+F)
C THIS SUBROUTINE COMPUTES THE INTEGRAND NEEDED IN
C COMPUTING DO0SE " D(X)Y AT POINT X

REAL F(12).R(12)

E =X

CALL SPECTOR(SPECTRA )

SPECTRA=SPECTRAX]1 24566

CALL ROFE(RsF)

DO 1 I=1.12

1 FUI)=R{I)*¥SPECTRA

RETURN

END

SURROQUTINE SPECTOR(SPECTRALE)
C THIS SUBRCUTINE GENFERATES THE INCIDFEFNT FLUSNCE
C SPECTRUM (P/CM2~5R-MFV)

COMMON/ZALPHA /AL R
SPECTRA=1 o /E#¥ALP
RETURN

TND
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APPENDIX -~ Continued
SURROUTINE ROFE (ReT)

THIS SUBRCUTINE GENFRATES RAD AN REM DOSE RESPONSES AT DBOINT
Xe R SUB X OF Fs FOR FIVFE SFGMENTS OF o F0 AND HFO AVERAGE

THE ENTRY DPCOINT RTAR GENFRATES A TAHMLFE OF DOSF RESPONSES AT
POINT Xs R SUR X OF Es FOR INTERPOLATION

COMMON /ENERGY/ XENER

REAL R{I12)sRT(5us12)aC(4:52:12)2 TAB(SO)

REAL ANS(12)A(12)

DATA TAR/ 3469400956569 7Mps3Ue09Nesl "Waall leslNesl3Neel™Nasl 7Ne

120N e 1290 s a3 a0l eSSl e sHiies 7N Neatd s aYN0eel 00/
EXTERNAL FOX

DO 101 I=1+.12

CALL SPLIN(TARWRT(1sI)aNPTs (1l )eTeR(I))

RE TURN

CENTRY RTAR

NPT=23

DO 1 I=1sNPT

XENER=TAEZ (1)

ENER=XENER

UENFR=101Ca

CALL RANGE (ReENERsUENER A9 13)
TMIN=1a101

FOTH=R

COTH=R

TOTH=R

IF(FOTHoGE ¢ 436837 )FOTH=4 3, 337
IF(TOTHeGF o506 ) TOTH=5,

M1=p0

CALL MGAUSS(TMINsTOTHIMI sANSFOXe1A412)
PO 11 J=1412

RT (1+J)=ANS (J)

IF(TOTH=54)1+3,1

IF (COTHeGE 206 )COTH=20

CALL MGAUSS(TOTHaCOTHsML s ANSaFOXsNa12)
DO 12 J=1.17

RT(12J)=RT(1+J)+ANS (J)

IF (COTH=206) 14411

CALL MGAUSS(COTHIFOTHM] 3 ANS s FOXsA412)
DO 17 J=1417

RT(1+J)=RT (13J)+ANS (J)

CONT INUE

DO 17 J=1,12

CALL SPLUN(TASsRT(1+J)sNPTaC(lalad))
RETURN

END



APPENDIX — Continued

SURROUT INE FOX({XaeF)

C THIE LUBROUTINE COMPUTES THE INTEGRAND FOR RAD AND REM DOSE
C RESPONSES AT POINT Xs R SUB X OF E

RiZAL FA6)«PDE(6)

COMMON /JENERGY/ XENER

T=X

ENFR=XZINER

CALL ARES(T+ENIKRIIMaRAD)

CALL APDF (TPDF )

NO 1 I=1sF

FUI+6)Y=RAD*POF (I)

1 FOIYy=REM¥DPLF (1)
RETUIRN
END

SUBROUT INE APDF (ADsPDF )

C THIS PROGKRAM GENZRATES THE BILLINGS AND LANGLFY AREAL DENSITY
C DISTRIBUTION FUNCTION PDF (1) FOR FIVE SEGMENTS OF BFQ (1=1.5) AND
C THE AVFRAGE OVFR BFO (1=6)
REAL ADT(Z25)sPDFT (6428 ) TPRPDF (299619 C (442348 )ePDF(6YFRAC(6H)
DAT[\ lﬁDT/Ielll.:SZE‘Olen:ﬂan]092'2039?_07f“10307q4|94.?_395:7%9‘3093993350
1150581209140 01769021 0929659353061 360%344a959301653659766091 5/
CATA TPEF/ 609766 o 72845 o06LT31 637300 282720 09496 s ¢537450 69247
8 7562920111501 030 7%s o80NRs 24134 61572, 1679 «150UNs 243200
e 14Oy 211974 2UBETs o 044%s a0l 749 aUl2%4a 20071 e0el00Ns0eC00NS
3CelUNLUaviaNIUUs o893 e834272¢ 0718710166089 32s13895260703+266675s
426H216s 2612243172406 0647076 293708 et3303s 24695 225615 16670
& 214948 206070 203748 o248 0 oUZ1HB430el )0 009374 02437 595277
& o654 % s oY1 39 239714161801 1543162451 41e231%01e404201 2816
71a%83% ¢ o2 71Hs 290930 €294 73176 632994 s 12244 1144 0H38s
B eDR%BUs 0291 s 1280000000000 als tlilUsGe JODUICa0000+U00000
Qe 0L Lo 82703 s 28139 #7045 89231, 094584 8355 9625
11008986, 05344 22775 160N, 212950 27036 203758 01315

N

.._.
@

1 i DU eIy wU1I3T7e e2431e a74716 o T7570e D777
2 0421040 s52N2s 2 722P9 652015 33073 632144 +2258
3 671423 931379 2o1399 e07HD, 807438 20057, 0 0000

4 812120 0072 Zelelul2203e2638056 0198632225036 3725040246864692105
D70 ld46595a 786748 777665608144 30822903e47524265927501:890441:0986
5 o 6HE8DUs s NETE e PH1E2 e 1 3Ecds e 33As 20HANYeDe0000/
DATA FRACY 1374y o32%6s o508 619209 2081610014/
2O 1 I=1.5
CALL SPLINCADTATPLDF (101)42%aC{1s1s1)sA0sPDF (1))
IF(PDT(l)elLTele) POF(1)=Cs
1 CONTINUE
RETURN
ENTRY INTAPRPDF
DO 2 I=1.6
DO 3 Jz=1+25
3 TRDF(Je 1) =TPDOF(Js I )/ (100D« *FRACI(1))
DO 2 I=1a.6
2 CALL SPLUN(ADTsTPDF(1a1)1s25+C(1lelal))
RETURN
END

N e
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APPENDIX - Continued
SUBROUTINE RANGE (RyENER s UENERs Ay

THIS SUBROUTINE COMPUTES PROTON RANGE IN TISSUFRE
IF(ENER-1Ce)13143
IF(ENER~30e )6:6411
IF(ENER=100s)13+134+12
IF(ENER~3CU0e 2222423
IF(ENER~5CUs )1 7s17¢25
IF(ENER-UENER)6SYe 69419
A=en02245
B=1.698
GO TO 60

= 001956
Bx1e8
GO TO 60
A=,0019775
B=1,8
GO TO 60

=, 00L276624
R=lo729
GO TO 60
Az=o,0054847
R=1e61
GO TO 60

Az ogN 125462
3512477
GO TO 60
CONT INUE
R=A*ENER*#8
RETURN

WRITE(3.26) ENER
FORMAT(IHC+1E15e6)
END '
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APPENDIX - Continued

SURBROUTINF AMI (EX<ENER)

THIS SUBROUJUTINE COMPUTES THE CUTOFF ENERGY FOR A GIVEN THICKNESS

OF TISSUE

IF(EX=6e121)1e1.3
IF(EX—e89163)6¢6511

IF(EX—~Te8726)1 3313412
IF(EX—53:0688)22+22+23
IF(EX=121+48)17017+:25

IF(EX—3406)69:6945

A=.N0224%
8319698

GO TO A0
A=en01956
B=1,8

GO TO 60
A=o0U19775
B=1.8

GO TO 60.
A= ND2T76AP4
R=1.729

GO TN 60
A= oN054847
R=l¢61

GO TO 60
A= 40125462
B=1e477
GO TO 60

ENER=(FX/A)Y#X (] +/8)

RETURN
CALL EXIT
END

SUBRCUTINE AEDUC (AR EX s FNERP ¢ tzNiZR)

THIS SUBROUTINE COYMPUTES THF RESINDUAL
AFTER 1T TRAVERSES

AR=7
AA=EX/A

AARZAAX¥ (] o /AR

TISHUR

IF(ENER-AAR)IZH 2627

ENFRP=Ce
RETURN

OF A

ENERP= (ENER#*% (AR)=AA) *¥% (1 s /AR)

RETURN
END

GIVEN THICKNFESS

ENERGY OF PROTON
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APPENDIX - Continued
SUBRROUTINE ANTHER(FNERPCQsPTHU«PONG PO 2T PON s R )

THIS SUBKROUTINE GENIRATES THE VALUES OF THE PRARAVETERS

OF THE ANALYTIC FITS OF THE MONTE CARLO RESULTS

DIMENSTON E(20)sAv(2)a A2 (20)s AATD(2D )2 AA2 (20 ) C (4920

DATA E/SUQe4qu50095W6173e95J09lhﬂaolaﬁaqlqﬁtql700920009
1250s950U3945¢equ1oe6@Use730@0509019ﬂqu1003¢/

DATA [‘3/10479]a’-“/'ﬁulo4i§09]e!’-f‘;5¢1el}")v10[1(.)':!91e"?}Owle%OF!ila‘ﬁESql6537Ql
105%41106%106851577q2005§?§A3Q3°21!3070'4'6095075/

DATA AE/U;UQQU@!noﬂU?ve“f}9eQO4b#w”fﬁ?oﬁl99019w004|eCH89¢ﬁ7299.ﬂ57
14604784 0030500264072 3a7177360164601846012,/

DATA »AA'»’:'/lsh’(‘?%le!\"g?‘.qlo/F-,‘)?w‘o‘."‘»’%-ﬁolsnwi\ole]ql5120191/4{%91slm(5"9151720
11619091 020091 6226162001 62734163”251 684 a458,1 6564167/

DATA ALZ2/e]l90 el 7100l 6GreldIenldl3es]1320009 9630076600680 eN49340Nd3890
1237%303145 2022830185400 1560200]l385500133eC125%50a0118/

CALL SPLUN(ESACI2U5C)

CCALL SPLIN(IF AN 20 CaENER «P0OQ)
CALL HPLUN(E«AZ2e420,C)

CALL SPLIN(E«A202 03 CebENER «PTHQ)
CALL SPLUN(FEsAAUS2NZC)

CALL SPLIMIFsAAUSZ2T9CeENER oPO)
CALL SPLUN(ESAAZs204C)

CALL SPLIN(F AAZ220sCENFR 4RPTW)
FUNC=RPTWO*R

PONQ= (EXP (FUNC)~POQ)Y /R
FUNC=PTW#R

FON= (EXP(FUNCY-PO )Y /R

RETURN

END

SUBRCUTINE AF(STOPPsGALF s AG.UG)

THIS SUBRQUTINE COMPUTES THFE QUALITY FACTOR AS A FUNCTION OF
LINEAR ENFRGY TRANSFER

IF(STOPP-3%e)l1s1ls12

GALF=1e

RETURN

QALF =AQ#* (STOPP#%* (133 ) )

RETURN

END

SURROUTINE ATOPP(ENER:STORP)

THIS SUBROUTINE COMPUTES THE STOPPING POWER FOR PROTON IN TISSUE
ZETA=ENER/Y38s211

BETAS= ((LETA¥ (ZETA+2 ) )/ ((ZETA+1 ¢ ) ¥*%2) )
WBE=((1e0222VU1%10e¥*% (6) ) ¥2ETAS )/ (1 s ~3ETAS)

FBET=ALOGC(WRE)Y-RETAS
STORPP=30726148%(—22378342+s529726%FuETY/BETAS

RETURN

END

11



APPENDIX - Continued

SURROUT INE AROB (PRI ¢ FNERP « UENER « ENER s DENER)

o0

THIS SUBROUTINE COVPUTES THE PxOSABILITY OF A NUCLEAR REACTION NOT
OCCURING BEFORE A GIVEN THICKNESS OF TILSUF 5 TRAVERSED
ENFER=ENIEZRP

[PRO=1

9 IF(ENER=-16)63:s24:64
64 TFA(ENER=9eD)6EH6:H66H65
65 IF(ENER-S%6 )67 4607 58
553 [F(ENER=-1406 169962 70
70 O IF(ENER=490. )71 7172
72 IF(SNER-UFNFR )Y 734 73+1%
63 L\O=ls
BON="
ATw=1e
ATH:'ﬁs
AFC={s
GO TO 4
66 AD= 95500044
AON= 54524166
ATw==2 e 3204599
ATH=ds. 1216447
AFQO=~2e 5963624
GO TO 4
A7 AD=BB7245%4
AON= 9798068
ATw=13 502561
ATH==17526228
AFO=418:86144
GO TO 4
69 A0=z,4,2980451
AON=133e932
ATWz=e 1 2453671 %10 %% (D)
ATH=Z o 55 7B84Q¥ 1 Ue ¥ (6)
AFQO=—s 964534 32% 1D e¥%* (7))
GO TO 4
71 AQ=—-.6786C829
AON=e 7705571 4% 10e3#3%(3)
ATi==e 1 7H056D8B* 10 e *% (6)
ATH=Z e 1961 1 7186X 10 %% (8H)
AFQO=—a 8641 3965% 1 Ce *% ()
GO TD 4
73 AQ=47239539

12
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APPENDIX — Continued

AON=~6 14555836%10e%% (4 )
ATW=s14942072%10%%(7)
ATH=—e55637619% 10 %% ()
AFO=o75787641%1 V%% (11)
GO TO 4
CFE=1e /ENER
CSE=CFE#(FE
CTE=CSE*CFE
CFO=CSE*(CSE
YF=AOQO+AON¥CFE+ATWH*CSE+ATH¥CTE+AFO*CFO
IF (IPRO=115:7+5
I1PRO=2
YNU=YF
ENER=DENER
GO TO 9

WRITE(3+26) ENER
FORMAT(1HOs1E1566)
CALL EXIT
PROB=YF /YNU
RETURN
END

SUBROUTINE ARES (XINTSENERRESFE s wRESF)

THIS PROGRANM GENERATES THE FLUENCE TO DOSE CONVERSION FACTORS
R(T.E)Y AS A FUNCTION OF TISSUE THICKNESS AND ENFRGY
EX=XINT

AQ=4,06

BQR=.8

DENFR=ENER

UENER=10100e

CCNT INUE

CALL RANGE(R«ENLRsUENERsAsD)

CALL AMTLR{(ENERsPQQ+PTWR+PONQePOsPTWePONR)
CALL AEDUC(IA a2 s X TNFERP s =NER )
IF(ENERP )34+ 334 34

CONT INUE

RESF =06

WRFESF=Ce

ENFR=CENER

RETURN

CONT I'NUE

CALL ARQOB(IPROB +ENERP UENER s ENER s DENER)
ENER=ENERP

CALL ATOPP(ENER«STOPRPP)
IF(STORPP)33433e1

IF(STOPP-2700e )22+ 33

CALL AF({STOPPsQALF +AQ e300
PES=PROB¥STOPP*GALF '

COREQ= (POOQ+PONQ*X INT I/ (FXP(PTwWQ¥XINT YY)
COREC=Z(PO+PON¥XINT Y/ (EXP(RPTW*XINT)Y)
RESF=PESH*COREG¥*] ¢ 65 -8
WRESF=STOPP#IPROB*#CORECH¥ 1 «6= -8
ENER=CENER

RETURN

FND
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APPENDIX - Continued
SURROUTINE SPLIN(XsYeMaCeXINTsYINT)

THIS SUBROUTINE INTERPULATES AMONG THE DATA POINTS TO PROVIDE VALVES
ON SUBINTERVALS AFTER CONSTANTS ARE CALCULATED BY SUBROUTINE SPLCN
DIMENSION X(5U)sY(5U)eC(4450)

DATA 1P/O/

IF(XINT=X(1))791s2

YINT=Y (1)

RETURN

K=1

IF(XINT=X(K+1))6:%425

YINT=Y (K+1)

RETURN

K=kK41

IF(M=K)YT797+3

YIMT = (X K+ ) =XINTIR(Cl1a)¥ (X(K+] )=XINT)*#2+C (34K )
YINTEYINTHIXINT=X(K))#(C(2+KI*¥ (XINT=X(K))*¥¥2+C(4K))
RETURN

PRINT 101

FCRMAT (% QUT OF RANGE FOR INTERPOLATION %)
IP=1P+1

IF(IPGT+30) GO TO 10

RE TURN

CONT INUE

A=ALOG(—-1a)

END
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APPENDIX — Continued
SUBROUT INE SPLCN(XaYsMsC)

THIS SUSROUTINE CALCULATKS THE CONSTANTS TO BE USED IN A SPLINE
FIT OF THE DATA

DIMENSION X(bu)eY(bU)oD(bO)oP(pO)sE(bU)oC(4¢bb)QA(quB)nB(bO)wZ(bO
)

MM =M~ 1

DO 2 K=14.MM

D(K)=X(K+1)=X(K)

P(KY=D(K) /6

E (Y= (Y (K+1)=Y (K))/D(K)

DO 23 K=2s™M

B(K)=E (K)=~E (K—=1)
B{1+2)=—1e-D(1/0D(2)
All1+3)=D(1)/D(2)

A(2:3)1=P(2)=P (1)%*A(]1 43
A(Ps2)1=Ce*¥(P(1I1+P(2))1-P(1)1¥A(1:2)
A(2e2)Y=A(P43)/A(242)
BU2y1=B(2)/A12+2)

DO 4 K=24¥vM

AlIKa2)=2a ¥ (PIK=1)4P (K))=P(K=1)%A(K~=1+3)
BIK)=S3(K)~P (K=1)%3(K-1)
A(K43)Y=P(K)/A(KAR2)
BIK)=BIK)/A(K2)

Q=D (M~-2)/D(M~1)
A(Mel1)=1e+Q+A(M=2453)
A(Me2)=—Q=A(Mel )¥A(NM=1,3)
B(MYy=B(V=2)1-A(Ms 1 )¥B (M—-1)
Z(My=B(M)/A(Ms2)

MN=M-2

DO 6 I=1eMN

K=M— 1

Z(K)y=B8(K)~A(Ke3)*¥Z (K+1)
Z(1)==A(1s2)%Z(2)=A(1+3)%2(3)

DO 7 K=1aMM

Q=le/ (He*D(K))

Cl1,K)=Z(K)*Q

Cl2+K)=Z(K+1)*Q
C(ReK)=Y(K)/D(K)-Z(K)*¥P (K)
C(4.K)ZY(K+1 ) /DIK)I=Z (K+1)#P (K)

RE TURN

ENP

15
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APPENDIX — Concluded
SUBROUT INE MGAUSS (AsiaNs 51iMe FUNC + FOF X s NUMBER )

DIMENSTION UJ(5)sR(5)sSUM(1)+FOFX (1)
DO 1 LL=1NUMBER '
SUM(LL)Y=0s0

IF{AZ0sf3) RETURN
U(1)Te4255%62820507184
U(P1=2823302302935376

U(3)1=e 16029521 58504488
Ula)=e 0B T74682R16655508
U(B)=eC13046735741414
R(11=.1477621123587376

R(21=6 134633339654 298
R(3)1=e109543181257991
R(4)1=eD74 725674575290
R(5)=2e033335%672154344

FINFE =N

DELTA=FINE/(E~A)

DO 3 K=14e«N

X1 =K-1

FINE=A+XI/DFLTA

DO 2 11=1,.5

UU=U (T TY/DELTA+F INE

CALL FUNC (UUZFCFX)

DO 2 JOYBOY=1 s NUMBER
SUMJOYBOY)=R (T I)*#FOFX (JOYROY ) +S5UM(JOYBOY )
DO 3 JJ=145
UU=(1e0~U(JI)Y Y /DELTA+FINF
CALL FUNC (UUFOFX)

DO 3 NN=1 sNUMBER

SUM (NN =R (JJ )Y ¥FOF X (NN +SUM (NN )
NO 7 TJK=14NUVRER
SUM(TJIKI=SUM(TJK Y /DELTA
RETURN

END
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THECKNESS

1.100E+00
1.325E+00
1.595E+00
1.520E+00
2.300E+00
2.150£+00
3.300E+00
4.000E+00
4. 800E+00
5.750E+00
6.950E+00
8. 35VE+QD
1.002£+01
1.200E+01
1.450E+01
1.750E+01
2.100E+01
2.550E+01
3.,050E+01
3.650E+01
4,400E+01
5.300L£+01
6.350E+01
71.600E+01
9.150E+01

ARMS

7.103E—-03
5.301E-02
4.,U81E-02
90 993E~02
6. 035E-02
6.911E-02
4. 181E-02
3.819E-02
5.504€£-02
1.537E-01
9.516£-02
9o 825E-02
3, 009E-uU2
lo144E-02
1.2228-02
1.092E-02
1. 689E-02
1.077E~-G2
8. 7T12E-03
4, 127E-03
3. 239E-03
1.,266E-03
9, 025E-04
5.167E-04
Oe

LEGS

OO

0.

0.

2. T10E-02
2+555E~-C2
2. 781E-Q2
4.881E~-02
6.489E~-02
be281E-02
8.093E-02
1-954E~-02
6.136E-C2
5.231E-02
4,462E-02
2.843E-02
2.519E-02
1.424E-02
7. 77CE~C3
5.058E—-03
4+533E~03
1.842E-03
1,135E-03
T.524E-04
964 8E-04%
0.

HI TRUNK

3.593E-03
9.344E-03
2.023E-02
2.509E~02
3.456E-02
2.289E-02
4.525E-02
40 426E-02
5.158E-02
4.724E-02
5.384E-02
4.914E-02
6. 091E-02
3.726E~02
3.678E-02
2.413E-02
2.039E-02
1.531E-02
8. 604E-03
4,38TE-03
24446E-03
1.377E-03
1.116E-03
4.908E-04
0.

TABLE 1.- AREAL DENSITY DISTRIBUTION FUNCTIONS

L0 TRUNK

1.630E-03
3.661E£-03
1.465E-02
3.669E~02
4.808E-02
40 926E-02
4.,352c-02
5.013E-02
5-6T5E-02
3.657E~02
3.117E-02
l.445E-02
8.333E-03
6. 745E-03
3.661E£-03
1.953E-03
6.823E-04
1.875E~-04
0o

SKULL

Oa

0.

1,679E-03
4.205E~02
9.156E-02
9.277E-02
7.080E-02
4.395E-02
5.,738E-02
5.282E-02
©.498E-02
8.854E—-02
6.374E-02
40 053E-02
3.939E-02
2. 767E-02
7+-206E-03
2.145E-03
1.752E-03
1.679E-03
1. 703E-03
9. 804E-04
5.270E-04%
6+985E~04
0-

AVE BFO

1.9106-03
9, 708E~-03
1.101E-02
3. 259E-02
3.315E-02
3,218E-02
3.967E-02
40241802
4, 914E-02
T.137E-02
6. 7TTE-02
5. T65E-02
5.074E-02
3.887E-02
3.4T0E-02
22534E-02
1.888E-02
1.097E~-02
6. 840E-03
4.630E~03
2.528E-03
1.360E~-03
8.348E-04%
6.081E-04
0.




REM

RAD

ARMS

4.9E-14

NASA-Langley, 1974 1,-90628

TABLE 2.- DOSES FOR SAMPLE SPECTRUM

LEGS HI TRUNK LO TRUNK SKuULL
2.4E-14 3.26—14 4o 3E—-15 4o lE-14

l. 7614 2.0E-14% 3.3E~15 2-8E—-14

AVE BFO

3.0E-14

2-,0E~14
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