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DEVELOPMENT OF A DOSIMETER FOR DISTRIBUTED BODY ORGANS

This report includes the progress of research in the study of development
of a dosimeter for distributed body organs.

The basis for the great interest in the development of a space dosimeter
is the dose which a particle will deposit in human tissue. In the attached
paper, the calculational methods for estimation of doée from external proton
exposure of arbitrary convex bodies is briefly reviewed and all of the necessary
information for the estimation of dose in soft tissue is presented. The effects
of nuclear reaction which become important for determining dose equivalent are
included in these calculations. This work on '"Proton-Tissue Dose Calculations"
is proposed for publication as a NASA-TM.

The above results are currently being applied towards the development of
space radiation dosimetry of distributed body organs.



Proton-Tissue Dose Calculations
John W. Wilson
NASA-Langley Research Center
Hampton, Va.
and
Govind S. Khandelwal
01d Dominion University
Norfolk, Va.
ABSTRACT
Cﬁlculational methods for estimation of dose from external proton
exposure of aribtrary convex bodies is briefly :eviewéd and all of the3f
necessary information for the estimation of dose in soft tissue is

presented. Special emphasis is on retaining the effects of nuclear S

reaction especially in relation to the dose equivalent;
INTRODUCTION

When an object is exposed'to extern#l radiation, the dose field
within thg object is a complicated function of the character of the
external radiation, the shape of the object (including orientation),
and tﬁe object's material composition. Calculation of dose within an
object involves solution of the appropriate Boltzmann transport equation
vhere thé external radiation source imposes boundary conditions on the
solution. Although general purpose computer programs exist for making
such estimétes (ref. 1), they are seldom used in practice when the object

is bounded by a complicated surface as, for cxample, is the human body.
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lnstead. calculations are osually made for simple geometric shapes
from which inferences are then made for more general geometries and
the resultant errors are uncertain. |

In the case of external proton radiation euch as that encounterod
near - high-energy accelerators. in space. and in high-altitude air-
craft, it was found that the problen of dose estination could.be ﬁroatly
: simplified (ref 2) and still include the effects of nuclear reaction. |
which imposes the major hurdles in any accurate calculation, with a high'
dagree of accuracy. Furthermore, it was ‘shown that the nethod oﬁeu iu v
error, was always conservative. Requared for such calculations is Y
knowledge of the transition of protons in semi-infinite slab geonetry

which is the simplest geometry for existing transport computer prograns

Indeed, almost everything that is known about the dose in hunans due to
external proton radiation is inferxed from calculations in slab
geometry (ref. 3). | . |

In the present note, a general method for estimation of dose in
arbitrary convex geometry in terms of dose conversion factors in slao
geometry is briefly discussed. These dose conversion factors for protons .
in tissoe are then represented using buildup factors. A parametric form
for tne buildup factors is presented. " =Thevalues for the parameters'
are derived from Monte Carlo calculations of various authors. All of
the necessary information to estimate dose and dose equivalent for proton

irradiation of convex objects of arbitrary shape is contained herein.
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election chene

reduced proton energy. HeV
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nuclear survival probabnity in tissue
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primary proton contribution to Rn(z,ﬁ) :
secondary particle contribution to Rn(z,B)
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dose point position vector, cm
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THEORY

In passing through tissue, energetic protons interact mostly
through ionization of atomic constituents by the transfer of small A
amounts of momentum to oroital electrons. Although the nuclear |
reactions are far less numerous, their effects are magnified because
of the large momentun transferred to the nuclear parcicles and the
struck nucleus itself. Unlike the secondary electrons formed throujh
atomic ionization by interaction-with the primary protons. the resulttng
radiations of nuclear reaction are mostly heavily ionlzing and generally
have large biological effectiveness. Many of the secondary particles
of nuclear reactions are sufficiently energecic to promote simllar_
nuclear reactions and thus cause a buildup of secondary radiations.
The.description of such processes requires solution of the transport
equatlon. The approximate solution for the transition of protons ln
30 cm thick slabs of soft tissue for fixed incident energeis are pre-~
sented in references 4 through 11. The results of such calculations
are dose conversion factors for relating the primary monoenergetic
proton fluence to oose or dose equivalent as a function of position in

a tissue slab, -
Whenever the radiation is spatially uniform, the dose at any point

X in a convex object may be calculated according to reference 2.by

o=\ § Rz, ] $&, 8047 JE .

where Rn(z,E) ls the dose at depth z for normal incident protons of

. . - ——
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energy E on a tissue slad, ¢(§:E) is a differential proton flusnce
along direction M, and zx(m is the distance from the boundary
along T to the point X. It has been shown that equation (1) always
overestimates the dose, but is an accurate estimape when the ratio
of the proton beam divergence due to nuclear reaction to the bodies
radius of curvature is small. équation (1) is a practical prescription
for introducing nﬁclear ieaction effects into calculations of do;e in
geometrically complex objects as the hﬁman body. The main requirom.ﬂt
is that the dose conversion factors for a tissue slab be adequatelj
knownn for a broad range of energies'and depths.

) Available information on conversion factors are for disc¥at9
energies from 100 MeV to 1 TeV in rather broad energy steps and for
depths from 0 to‘30 cnm in semi-infinite slabs of tissue (refs. 4;5,8,
and 9). The nuclear reactio@ data used for high-energy nucleons is
usually based on Monte Carlo estimates (refs. 12-14) with low-energy
neutron reaction data taken from experimental observation. The quality'_
factor as definéd by the ICRP (ref. 15) is used for protons. The
quality factor for heavier fragments and the recoiling nuclei is arbi-
trarily set to 20 which is considered conservative aithough the average
quality factor obtained by calculation is comparable to estimates
obtained through observations made in nuclear emulsion (ref. 16).

To fully utilize equation (1), the fluence-to-dose conversion factors
for normal incident protons on a tissue slab must be known for all
energies and depths. A parametrization of the conversion factors was

introduced by Wilson and Khandelwal (ref. 2) which allowed reliable
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interpolation and extrapolation from known valuos.’ In the following,
a refinement and extension of that Qork will be discussed.
BEPRRERT IR TR B R TR Y
Fluence-to-Dose Conversion Factors
'l‘he convérsion faétdr P“(z ,Bj is cbmosed of two terms represon-
ting dose due to the primary beam protons and the dosa duo to seconduy

parci.cles produced in nucln.r ructi.on. 'l‘hus.

R(a E)-— R(e & + R(‘i.él

where the primary dose equivalant conversion factor i.s gim by ,

Rp(’t‘ E)= P(E) [S(zp] se,) / Peen | - _. (3) |

The LET denoted by S(E) in equation (3) is calculated us:lng Botho's

formula above 243.8 keV as given by

_S(E)— ynr ez ez {[M{zm\'z )]_. vt(;s} . (4!)

my?* A I(1-vvey

wh§ro

2 = gverage atomic nunber

A = agverage atomic weight |

I = adjusted ionization potential .

m = electron mass

e = electron charge

v = proton velocity

¢ = velocity of light

NO- Avogadro's number
At proton energies below 243.8 KeV, the LET is calculated by the

empirical expression
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_ g7 (2517 - b233E)
sg) = E ( (4b)

which approximately accounts for the inner shell corrections in soft

tissue. The proton range in soft tissue is given by
' «

Regy =\ 8¢/ 5¢&) : B

with the reduced energy in equation (3) given by

E, = €[Re)- z] - e

vhert €E(x) is inverse function of R(E). The total nuclear survival

probability for a proton of energy E is given by

- ] . ¢ ‘ ' T
e wipl-Sowraer]

. n e — e

where the macroscopic cross section o(E) for tissue as calculated by o

Bertini is given by Alsmiller et al. (réf. 18). The proton total optical

thickness given by

. e ’ )
Yeer= ), TeEdEY 58 &

is tabulated in table 1 for purposes of numerical interpolation. In
the casé of conversion factors for absorbed dose, the Rp(z,B) is

taken as

RP(E' g) = P(E) St&)/ P(E,) )




Buildup Factors

The rerresentation of the conversion factors is simplified (see

ref. 2) by rewriting equation (2) as
R.(2,8)=[1 + Rz, /RpcuE] R,(a e)

= F(2,8) (2.8
vhere F(z,E) is recognized as the dose buildup factor. The main.

.(10)

advantage for introducing the buildup factor into equation (10) is that
unlike Rn(z,B), the buildup factor i.; a smoothly varying function or
energy at all depths in the slab and can be approximated by tho simple
finctiom, | '

whefe the parameters Ai are understood to be energy dependant.v The
Ay coefficients are found py fitting equation (11) to the values'of
the buildup factors as estimated from the Monte Carlo cslculations of
proton conversion factors. The resulting coefficients are shown in
table 2. The coefficients for 100, 200, and 300 MeV protons were
obtuined using the Monte Carlo data of Turner et al. (ref. 4). The
v.alues at 400, 730, 1500 and 3000 MeV were obtained from the results
of Alsmiller and Armstrong (ref. 9). The 10 GeV entry was obtained
from the calculations of Armstrong and Chandler (ref. 9). Values noted
in table 2 by asterisk on the corresponding energy were obtained by
interpolating between data points or smoothly extrapolating to wit

buildup factor at proton energies near the Coulomb barrier for tissue

F2,80= (A, + 42 + & ) pCAR) _an
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nuclei (5 12 MeV). The resulting buildup factore< are shown in figures
1 and ; in comparison to the Mon:: Carlo results where the error bars
were determined by drawing smooth limiting curves so as to bracket the
Monte Carlo values and to follow the general functional dependence.
These uncertainty limits should, therfore, be int2rpreted as approximately
&0 limits, rather than 1lo ranges usually used in expressing uncertainty
limits.

CONVERSION FACTOR COMPUTER CODB

To utilize equation (1) in a specific problem requires_vnluoi
for the conversion fnct;r Rn(z,E) over the range of interest. Formulas
for these iactors are presented in the previous section. A computer -
code has been generated to return values of Rn(z,B) for arbitraéy depth
z and energy E. This code is listed in the appendix and is &éscribed .
briefly here. There are six main functiong to be generated relating to
LET, range-energy relations, quality factor, and the functions relating
to nuclear reaction effects.given as nuclear survival probability and °
buildup factor.

The functions relating to ionization by the primary beam are
generated by the function subroutine RTISS. Tables for R(E), and S(E)
are generated on the first call to RTISS. Subsequent intermediate
values are found by numerical interpolation above 10 KeV. A simplitied
approximation based on equation (4b) is used at lower energies. The

function e¢(x) is found by numerical inversion of R(E).

- ———— -

A et meiwe s



The quality focter is approximated by

.2
QF(s) ~ 0.06 8° 12)

for S greater than 35 MeV/ca and set to unity for smaller LET,

The values shown in table 1 of the optical donsity are generated
in the function subroutine PN(E) and stored in an arvay for numerical
interpolation and the nuc.lrnr survival probability is ulculatd using
equation (7). | | ' '

The coefficients for aléulating the buildup factors are generated
by subr.utine ANTER as a fumction of enofgy by interpolating between
the valuc: chown in table 2. | '

"me ceaversion factors are generated by subroutine RESP by s_upply
parameters z and E which represent distance in centimeters of .
tissue and proton energy E in units of MeV. The returned values of
the conversion factors have units of rad (or rem, per proton per

centimeter squarid.
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SAMPLE CALCULATIONS

To illustrate the usage of the buildup factors described here,
calculations of the dose in slab geometry for normal incident}protons
with spectra typical of the space environment have been made. Cal-
culations were also made neglecting nuclearrreaction effects'and tne_
percentage contribution to the dose and dose equivalent dne to ‘ﬁ
nuclear reactions are shown in figures 3 and 4. The spectra indicated

by GCR in the figures represent galactic cosmic radiation wiﬁh 'i':
spectrum given by | o

¢ (e) = 95 (/ +1;—‘/m,) . (13) S
The spectra denoted by the parameter Po represent solar cosmic ray B

b =4 epl-r@/R] gy

with the rigidity given as

spectra given as

Pie) = 7"!_5[6 +z.m,ﬂ%' ' - - as)
where q is the proton charge and mb is the proton mass. The value
P, = 100 MV corresponds to an intermediate-energy solar event:and
P, = «00 MV corresponds to a high-energy solar event. The curve denoted

by Bo = 100 MeV represents the energetic inner belt protons with spectrum '

beor =4 eppl-E/5) e

It is clear from the figures that dose estimates for galactic cosmic
rays and high energy solar cosmic rays cannot be accurately calculated
without proper account of nuclear reactions. This is especially true

for estimat:. of the dose equivalent.

- e« ——



Although reasonable estimates (+ 10%) of low and intermediate
solar cosmic ray absorbed doses are expected, the dose equivalent
estimates must include nuclear reaction effects. Marginally goodv
estimates of absorbed dose for inner belt protons can be made by
neglecting .nucl'eaf reactions but dose equivalent estimates require

inclusion Anuclear reaction effects.
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APPENDIX

PROGRAM LISTING FOR CONVERSION FACTOR CALCULATION
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SURQOUTINE RESP(EN+XRADREM)

THIS SUBROUTINE GENERATES VALUES FOR THE SLA3 CONVERSION FACTORS
FOR VALUES OF PROTON ENERGY EN (MZv) AND DEPTH IN THE SLAB X (CM)

REAL C(8)

ENER=EN

Ex=X

caLu ANTER(ENER.C.R)
RR=S=R=-EX
ENERP=ETIS(RRES)
IF(ENERP)134:33+:34
CONTINUE

RAD=0e

REM=0e

RETURN

CONTINUE .
CALL APROB(EX+ENER.PROB)

CALL ATOPP(ENERP.STOPP)

CALL AF (STOPP.QALF)

PES=PROB*STOPP#QALF

COREQ=(CI1I+X*(C(2)1+X*C(3)) I EXP(=X*L(4))
CORECE= (C(5)+X*(C(6)+X*C(7)))*EXP(—X*C(B))
IF(COREQ«LTels) COREQ=1,
IF(COREC.L.Tele) COREC=1,
REM=PES#CCREQ #1.,6E~8

P=5=DROB*STOPP

RAD=PES*COREC#*] «6E-8
RZTURN

END

SUBROUT INE ANTER(ENER+CsR)

THIS SUBROUTINE GENERATES THE VALUES OF THE PARAMETERS
OF THE ANALYTIC FITS OF THE MONTE CARLO RESULTS

REAL C(B8).A(12.8)+E(12)
LOGICAL FALS
DATA £/30006004100¢4150¢¢20069300¢+8000+7300+1200041500++430000»

ORIGINAL PAGET§
OF POOR QUALITY



110000./

DATA A/1 006162010841 e541e601¢70016900308004032+4662:5:635:60200
2 TeNe0eiUve02400Te000, 011 4el131el504e16740e173+:19044280,
3c-0.000000'00000-U|0000?09000003500901“50-3?2500&030:000350
no.c..GIB..030.-0385..063..033--0222~-0150..313'-012.-010..Oloo
21 6001000l alolol2ilolSele2e1e2801e801e5701 8320420230
6000000looﬂ40000600763'00630007loaO?ooD?ﬂooOgﬁoolOovllo
70-0.000'O‘QvooOoOOOoCOOvQ.UQ000“1|00008°000015}0QC203002°5'
B0eCee01400261003116032,002540722844015+4012244C120e01,0017

DATA FALS/eTe/

DATA 1PT/=-17,

R=QTIS(ENER)

IF(FALS) GO TO 10

1 CONTINUE -

ELOG=ALOG(ENER)

CALL IUNI(12¢12+E+8BeAv2.ELOGC+1PT1ERR)

RETURN

1O CONTINUE
NO 11 1=1.12
E(1)=ALOG(E(]))
11 CONTINVE

FALS=aF o

GO TO0 1

END

SUBROUTINE AF (STOPP+QALF)

c THIS SU3ROUTINE COMPUTES THE QUALITY FACTOR AS A FUNCTION OF
Cc LINEAR ENERGY TRANSFER B .

IF(STOPP=35+)110¢11412"
11 QALF=1.
RETURN
12 OALF=+06#STOPP®»#*,8
RETURN
END

SUSROUTINE APROB(EXEPROB)

C THIS SUBROUTINE GENERATES VALUES FOR THE NUCLEAR SURVIVAL PROBABILITY



too

s OF A PROTON OF ENERGY E (MEyV) AFTER TRAVELING A DISTANCE EX (CM) IN TISSUE

RRES3RTIS(EI=EX
PROB=0s o
IF(RRES+LE«Oe) RETURN
ENEWSETIS(RRES)
PRCB=PN(E)/PN(ENEW)
RZTURN

FNP

FUNCTION PN(E)

PN GIVES PROBABILITY THAT PROTON TRAV:LS FuLL RANGE wITHOUT
BEING ABSORBEOD

0o

EXTERNAL FOX

LOGICAL TRU

REAL R(30)+ET(30)

DATA ET/OooonozsoOSOQ'IOOQQ15000200.!2500030000350004000050000
1700..900..!lOO..lSOO..1500..1700;.2000..2200..2400..2600..2800..
230000080000 150004 ¢50004+7000++¢8500¢100006/

DATA TRU/eTe/

DATA 1PT/=-1/

IF(TRU)Y GO TO 10

111 ER=E

CALL IUNI(30030|ET01oRoZvERoBYRDoIPTleRR)
PN=EXP (-3YRD)

SETURN

10 TRU=.Fe
Rt1)=0,
D0 1 [=2+30 "
1 EU=ET(])
4 G=ET(I~-1)
: CALL MGAUSS(GQEU'UA'ANSOFOX.F."

R(1)=R(I-1)+ANS
1 CONTINUE

PRINT 19

1G FORMAT(///+25X+%#PN GRID#*//)
' PRINT 119
119 FORMAT (10X#E VALUES FOR GRID*//)
PRINT 226+ ET
226 FORMAT (2X«BE1546)

il




227

PRINT 227

FORMAT (/74104 «#R VALUES FOR GRI1D#*)
PRINT 2264R

GO TO 111

END

SUSROUTINE FOX(X.F)

ENER=X

CALL ASIGM(ENERSIGMA)
CALL ATOPP(ENERsSTOPP)
F=SIGMA/STOPP

RTZTURN

END

SUSROUTINE ASIGM(ENER+SIGMA)

THIS SUBROUTINE GENERATES VALUES OF TOTAL NONELASTIC MALROSCOPIC
CROSS SECTION (CM»#2/G) IN TISSUE AS A FUNCTION OF PROTON ENERGY ENER(MEV,

REAL EN(433.CR05(43)

DATA EN/2503202908603QU16;3908604¢.650=0001060o1907002407904703909
ll013008911709013903O15603017503'185060202090266010304 71375624070
270071060507010574.5061l040678030714.50776.40809030870040916D801007
3011290014050 ,1785¢¢2026++2318¢43C71¢+24608+93943+4150000+80000,
a100C0e/ .

DATA CROS/2:¢818¢2e360:2e153+10985410887¢1e757410621+1e526¢1e451410
13790132711 626111e211¢1,187¢16164410152¢1014191e097¢1.,087+14100410
213601'199010212010266'10293'10350010379010424010440010471010478010
1534010477'1.45001.45301045501045701047q010461010463010460104530
4 1052/

DATA IPT/-1/

E=ENER

IF(ENERLT«25.32) ENER=23,32

CALL JUNI(83+43¢ENel +CROS+2.ENERCROSSIPTIERR)

SIGMA=(CROSS/100,)

ENERSE

RETURN

END

ORIGINAL PAGE I
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FUNCTION RTIS(E)

THIS SUBROUTINE GENERATES THE RANGE-ENZRGY RELATIONS AND LET FOR
2ROTONS lN TISSUE

EXTERNAL ATOE

REAL ET(57)0RT(57)OST(57’

LOGICAL FALSE

DATA FALSE/eTe/

CATA NP/S7/

DATA ET/QOI000290030.0400050006'007'-0800090010021030.40050
105007108069 0100200300801501650070480190¢1004200030004800+5047
26C0¢700 80009V 00100691506120004¢300+¢800045000+¢6000¢70000
3500.0900001000coISOO..ZOO“-0250000390000“00000500000600009
¢790000550000100000/

N=1 ‘ : o

IF(FALSE)GO TO 10 » '

CONTINUE » :

RTIS= E**0697/(25X70*0697) o

IF(E«LTee0l) RETURN -

AsALQOG(E)

DO 1 IE=2.NP

IFCA'LTET(IE)) GO TO 2

COMTINUE »

I=1E »

SLOPE-(RT(I)'RT(! l))/(ET(')-ET(l 1)) .

RAL=RT(I-1)+SLOPE*(A-ET(]~ l), .

RTIS=EXP(RAL)

RETURN o
ENTRY STIS
N=2 o

IF(FALSE)GO TO 10 . .

CONTINUE »

RTIS=E*®*#.303# (251 7+~6283+%*E)
IF(EeLTee01) RETURN

Az2ALOGI(E)Y o :

D0 3 IE=2+NP

JF(ASLTSET(IE)) GO TO . & »

COMTINUE

IZ1E o
LOPE=(ST(I)=STUI=1IZ(ET(I)I-ET(I=1))
SAL =ST(I=1)+SLOPE®(A-ET(1-1)) . -~

2
H



".

14

oM

10

21

i1

RTISsEXP(SAL)

RETURN
ENTRY ETIS
NEJ

IF(FALSE)GD T0 10 .

CONTINUE
RTISE(251 T #e69THE)##]1,42472
IF(Esl.Tee01) RETURN

R=ALOGLE) o

DO 5 IR=2.NP

IF(RLTRT(IR)) GO TO 6 »

CONTINUE »

I=IR
SLOPER(ET(II-ET(I=1))/(RT(1)=RT(I=1))
EAL =ET(I=1)+SLOPE#*(R=-RT(1~1)) )
RTIS=EXP(EAL) ’
RETURN

CONTINUE o

RT(1)=0,

ST(1)=00.

m=06

CO 21 132.NP

CALL ATOPP(ETI(I)ST(I))

CALL MGAUS$(ET(I-1)-ET(I)oMoANS'ATOEQFQlI
RT(1)=RT(1~1)+ANS '
RIRSTERT(2) -

EIRST=ET(2)

00 11 IX32.NP

ET(IX)I=ALOGIET(IX) ).
RTLIXIZALOG(RTC(IX)) »
STUIX)ZALOG(ISTLIX)) o

FALSE=sFoe . .

GO TO (12+13+14)IN

END »

SUBROUTINE ATOE(EF)

CALL ATOPP(E+S)
Fzle/8

RZTURN

END

ORIGINAL pa
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SUSROUT INE ATOPP(ENERSTHPP)
c THIS SU3ROUTINE COMPUTES THE STOPPING POWER FOR PROTON IN TISSUE

IF(ENER«CTee2438) GO TO 2
STOPPE (251 7e~6283+ #ENERI*ENER* #2303
RETURN

2 ZETA=ENER/938.211 .
BETASE( (ZETAR (ZETA+24) )/ ((ZETA+] + )##2))
VEBE=21.022201E6#BETAS (1 .-BETAS)
FBETsALOG(WBE)~-BETAS
STOPP2,.30726148% (~2+2378342+:529726*FBET)/BETAS
RZTURN
END

SUBROUT INE MGAUSS(A+BeN»SUMIFUNC+«FOFXNUMBER)

DIMENSION U(S5)R(B)+SUMI] )+FOFX(1)
CO 1 LL=1,NUMBER

1 SuM(LL)I=0.,0
IF(A.EQsB) RETURN
Ull)=,4825552820509184
U(2)=283302302933376
U(3)=.160295215850488
U(4)3.06746B821665%55%508
U(5)=2.013046738741414
R(1)=,147762112357376 |
R(2)3.]13463335965499
R(3)=.109543181257991
R(4)2.074725674575290
R(5)=2,033335672154344
F INE=N
DELTA=FINE/ (B-A)
DO 3 K=1+N
X1 =K=-}
FIMnE=A+X1/0ELTA
DO 2 11=]1+S
UU=sU(T 1 Y/DELTA+FINE
CALL FUNC (UU+FOFX)




.,

DO 2 JOYBOY=] +NUVBER
SUM(JOYBOY )I=R(11)#FOFX(JOYBOY )+SUM(JOYBOY)
0C 3 JJ=] .8

VUZ(1e0-U(JJ))/OELTA+FINE

CALL FUNC (UUFOFX)

0O 3 NN=1 .NUVBER
SUMINN)IER(JJ ) #FOEX (NN ) +SUM (NN)

00 7 1JK=] +NUMBER ‘

SUM (I JK)=SUM(1JUK)/7DELTA

RETURN :

END
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PuQPnse9

USE®

PARAMETERSY

NTAB

JORCER

X0

1 4Y)

H H B 1
.2 ~“f¢.nJu1iuiav;ndu:w'lvvjdolplolﬁﬁa}'

SUAROUTINE [UNI USES FIRST OR SECOND ORDER
CASRANGTAN [MTERTCLATION TD ESTIMATE TREZ VALUES
D5 A SET OF FUNCTIONS AT A BOIMT XD 1Nt

USES ONE INLEDENDENT VARIABLE TABLE AND A DEPENDENT

VARTABLE TABLE FOR ELCH FUNCTION 'TO BE EVALUATED,

THE ROUTINE ACCEPTS THE INCERENDENT VARIAHBLES SPACED

AT EQUAL OR UNEQUAL INTERVALSe EAGCH DEPEINDENT®

AR TABLE TABLE MUST CONTAIN FUNCTION VALUES CORRES-

AINDING TO EACH Xt
TaZiEs
ARRAY WITH THE N=-TH VALUE OF THE ARRAY HOLDING THHE
VALUE OF THE N=-TH FUNCTION VALUE EVALUATED AT XO0.

IN THE IMDEREINDENT VARIZBLE

CALL IUNJC(NMAXSNeXoNTAB .Y e 10RDERXO+YO+IPTs IERR)

THE MAXIMUM NUMSER OF POINTS IN THE INDEPENDENT
VARIABLE ARRAY. .

THE ACTUAL NUMBER OF POINTS IN THE INDEPENDENT
ARRAY sWHERE N oLEs NMAXe

A ONE-DIMENSIONAL ARRAY.,
CALLING PROGRAM,
VARIABLES.

DIMENSIONED (NMAX) IN THE
wHICH CONTAINS THE INDEPENDENT

THE NUMBER OF DEPENDENT VARTABLE TA3LES

A TWO-DIMENSIONAL ARRAY DIMEINSIONED (NMAX.NTAB) IN
THE CALL ING PRQOSRAMs EACH COLUMN OF THE ARRAY
CONTAINS A DEPENDENT VARIABLE TABLE

INTERPOLATION PARAMETER SUPPLIED BY THE USER.

=0 ZERO ORDER. INTERPOLATIONS THE FIRST FUrNCTION
VALU'E IN EACH DEPENDENT VARIARLE TABLE IS
ASS.GNED TO THE COXIRESPONDING MEMBER CF THE Yo
ARRAY. THZ FUNCTIONAL VALUZ IS ESTIMATED TO
REMAIN CONSTANT AND EQUAL TO THE NEARIST KNOWN
FUNCTION VALUE.

THE INPUT POINT AT wHICH INTERPOLATION WwILL BE
PESTORMEDS

L& AZT=-DIMENSIONAL ARRAY DIMENSIOMED (NTAB) IN THE
CL_LING PEOGRAM.
EST:WATED VALUZ OF EACH FUNCTION AT XOe

?HRGHWAL.RAGE
OF POOR QUALTY

THE ESTIMATED VALUES ARE RETURNID IN THE VYO

THESE VALUES MUST BE STRICTLY MONOTONIC.

UPON RETURN THE ARRAY CONTAINS THE

|
IUNIDOL

P g S T T T L L Y Y Y P Y Y Y Ay e Y T Y Y Y X T L YT ]
C*’

#IUNIDODY

*{UNICOA:
+lUNTCOY:
#IUNIONGS
*1UNIOCT
stuntonat
*JUNTOND!
*+1UNIOD10C
®IUNTOILC
»luNntol2¢
*IUNIO13¢C

*lUNTO1AC
*1UNIOISC
*JUNLO16C
#IUNIO17C
#1yn1018C
*1UNIO190

*luNnio200
#1UN10210

#lUNIC22C
#1UNIOC230
#1UNID24C

*#TUNIO250 .

*IUNT10260

#1UNJO270

#1UNIO280
*1UNT0290
*+1UNIO300
#1UNIO310
41UN1Q320
#IUNIO330D
#1UN1OJ4O
*#1UNT0350
*1UNIOISO
*#1UN]O370
*JUNIC3IBO
*#JUNICI90
*#JUNI0aOO
#1uNIOal1 O
#1UN10420
#IUNID230
*IUNIOQ4aO
*1UNTOSS)
*1UN10460
*#IUNIDATO
+IUNIO4BO
$iUNT A0
FIUNIOE™D
SIUNIOSIO
+{UNIOS20
#IUNICSIC




[

SRR EEEEERE RN

IERR

REZQUIRED ROUTINES

SOURCE

LANGUAGE

ODATEZ RZILEASED

LATEST REVISION

| l : ]
ON T== FIRST CALL IPT MUST 35 INITIALIZFD TO -1 SO
THAT MONOTONICITY WILL BE CHECKEDe UPON LIAVING THE
ROUTINE 1PT EQUALS THE VALUE OF THE INDEX OF THE X
VALUE PRICEDING XO UNLESS EXTRAPOLATION wAS
PERSCRMEDes IN THAT CASE THE VALUE OF IPT IS
RETUINED AS?
CENCTES XC oLTe X(1) IF THE X ARRAY S IN

Y

INCREASING ORDER AND X(1) oGTe X0 IF THE X ARRAY
'S IN DZCREASING -ORDER. .
=N  CENDTIS X0 «GTe X(IN) IF THZ xX ARRAY'IS IN

.« INCREASING ORDER AND X0 L Te X(N) [F THE X ARRAY

. 1S IN DECREASING ORDERe
ON SUBSEOQUENT CALLSs IPT IS USZD AS A POINTER TO
BEGIN THE SEARCH FOR XOe

ERROR PARAMITER GENERATED BY THE ROUTINE _

=0 NORMAL RETURN ‘ A

=J . THE J-TH ELEMENT OF THE X ARRAY IS OUT OF ORDER

=~] ZERO ORDER INTERPOLATION PSRFORMED BECAUSE o
IORDER =0, : _ :

=-2 ZERO ORDER INTERPOLATICN PERFORMED BECAUSE ONLY
ONE POINT WAS. IN X ARRAY. ,

==3 NO INTERPOLATION WAS PEZRFORMED BECAUSE
INSUFFICIENT POINTS WERE SUPPLIED FOR SECOND
ORDZR INTERPOLATION. ‘

=-4 EXTRAPOLATION WAS PERFORME

UPON RETURN THE PARAMETER IERR SHOULD EE TESTED IN.
THE CALLING PROGRAM.

NONE

CMP3S ROUTINE MTLUP MODIFIED

*LUNTO0SS50
*1UMNIC560
*IUNT2370
#1uNni0s580
¥*1UNIOS90 |
*IUMID500C
+1UNIOSLO -
+1UNICS520
*IUNIC630 |
*LUNIOS40 |
#TUNI2550,

+IUNT0560
®IUNTOST70
*IUNIC6S8C
*IUNT0690
#1UNIO700
*JUN10710
*lUN10720
*1UN10720
*JUNIO740

‘®*IUNTIO750

*1UNI0760
#IUNIQO770
*1UNT078D
*UNTO790
*IUN108CO
*1UNICBIC-
*1UNiOB2C
*1UNTO830
*1UN10840
*1UNI0350
#1UN10860
*IUNI2BTO
*1UN10880

By COMPUTER SCIENCES CORPORATION*IUNIQS90

FORTRAN

AUGUST 1.1973

JUNE 9, 1975

ODIMENSION X(1)2Y(NMAXe1)aYO(1)

N¥l=N=1
1ZRP2=0
J=1

T

m

ST TOR ZZRDO ORDSER INTERPOLATION

DILX=X(2)-X(1)

I

i<

Gs T~ sC

(IORDER
(NelToe

2

o= O) GO
) 3O TO 206

T0 10

*IUNIDS00
*#IUNTOQO910
*1UNIO920
*IUNIO930
*IUNICT4Q0
*#1UNTO9S0
*IUNTIC960
*{uN10970

»****;**********k***********************************************t¥***4;uN[c980

IUN10990
IUNTI1000
IUNTILINO
reN11020
1UNT!030
JUNIL1040
1UNT1050
fUNT1060
IUNT1O070
IUNTI1080
TUNTIN90
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&4 Tn 20

1EQ5=~]

IERR=~2

20 40 NT=}).\TAB . .
YOINTI®Y (1 eNT) : . . . Lo .

CONT.INVUE
RETURN
IF (IPT «GTe ~1) GO TO 65

CHECK FOR TABLE OF NODE POINTS BEING STRICTLY MONOTONIC
THE SIGN OF DELX SIGNIFIEZES WHETHER TABLE IS IN
INCREASING OR D"CREASING ORDERs . .

8) 6O TO 190 - .- - = . e o
2) GO TO 65 ' ) : -

A7 (DELX «EQe
IF (N «EQ.

CHECK FOR SIGN CONSISTENCY IN THE DIFFERENCES OF -
SUBSEQUINT PAIRS - C e B

D2 50 J=2+NM1
IF (DELX *
CONTINUE

(X{J+1)=-X(J))) 190+190+60

IPT IS INITIALIZED TO BE WITHIN THE INTERVAL'

IF (1PT oLTe 1) IPT=1
I (IPT «GTe NM1) IPT=NM]
IN= SIGN (1e0yDELX #¢ XU=-X(1PT))) .
D= X(IPT) - XO '
1T (P* (X(IPT +1)- X0)) 90.:180.80
12T =1PT +IN

TEST TO SEE IF IT 15 NECCESARY TO EXTRAPOLATE
IF (i"TeGTeO oANDs IPT oLTe N) GO TO 70
[ZRk=-4
i2T=1PT~ IN

TEST =CR ORDER OF INTERPOLATION

IF (JORDER «G67+. 1) GO TO 120

FIRST CRDER INTERPOLATION

ORRHNAL

OW"POOR:J§§§%§}~ | R

TUNTL114C

IUNI1210

IUNT1270

TUNT110¢C
TUNTL11C
tuntiti12c
IUNT113C

IUNI116C
IUNI117C:
JUNT118C
IUNI119¢
IUNI 1200

IuNIl 220

-IUN!IZSQE

IUN11240
G

1UNI1280:
TUN11290
IUNI1300:
IUNI1310C
IUNL2320:
IUNI1330
IUNI1340
IUNI1350 .
IUNI1360
IUNI1370:
1UNI1380Q°
IUNI1390"
IUNI140O
IUNIlal10°
IUNI1420
IUNI1430
IUNI1440
luNI14S0o
JUNT1260
IUNI1aT70
IUNI1480
IUNI1490
IUNI1S00
IUNT1IS10
IUNILS520
IUNI1S530




ﬁgagiagu ] B R | | I 1 i

c . - ' TUNT154¢
K IPT1=1PT+!1 _ IUNT15S¢
1 XTMP1=X0-X(1R7) ' C BUNT IS¢
; XTHPE=X{IPTI = (IPT) ’ TUNINST:
3 NTVMP L =XTMP /X7 P2 . JUNTISS!
E DO 100 NT=l.NTAas IUNI159:
k ) YTMP=Y (1371 JNT)<Y(IPTNT) : g T - IUNI160¢
»n . YCUNT)=V(IDT NT)+YTMP#XTVP , IunIlsl(
E - oo - CONT INCE <. S - coe ' . © PUNIts2¢
= IF (1ERR JEZ. =4) IPT=IPT+IN , IUNI163¢
o RETURN . . ~ - TUNI164<
f £ ¢ L : ' FUNT165¢
L . C SECCOMND CRDER INTEZRPOLATION g TUNT166¢
i ¢ : : o S " LUNIL16TC

. 120 IF (N «EQe. 2) GO TO 200 ‘ IUNI168¢
fc. . . o R T ... IUNILESC
L ¢ 'CHOOSING A THIRD POINT ‘SO AS TO MINIMIZE THE DISTANCE IUNIl170C ¢
P ¢ BETWEEN THE THRES POINTS USED TO INTERPOLATE ' © IUNILT7IC ¢
= ¢ - : IUNI172C

. IF (IPT .EQ: NM1) GO TO 140 . A " IUNTT73¢C

- IF (IPT +EQe 1) GO TO 130 . ' S JUNT174acC

. A1=ABS(X0=X(IPT~-1)) Ce e ’ . . TUNTI7SC

A2=ABS (X(IPT+2)~X0) : : . TUNT176C

IFtA1-A2)140+130,130 _ ' . e - JUNI177¢C

130 L=IPT : : ‘ - TUNI178¢C

GO TO 150 T I : , - : : -~ JUNT179¢

140 L=IPT -1 : o : .- BUNT18OC

¢ 150 V1=X(L)=x0 ‘ o - . IuNI131cC

V2=X(L+1)=-XGC : ~ _ . . IuUNl182C

[ V3=X(L+2)=-X0 : , ' o IUNI183cC

DO 160 NT=1.NTAB , . . IUNT18acr

YYI=(Y(L«NT) # V2 « Y(L+1+NT) * VI)I/Z(XIL+1) - X(L)) L. . - 1TUNL118S5¢C

YY2x (Y L+ sNT)I®VI=-Y(L+2+NT) #¥V2)/(X(L+2)-X(L+1)) . IUNI1856C

YOINT )= (YY1I#V3=-YY2*#V1)/(X{L+2)-X(L}) ' _ . TUNIIS8T7C

160 CONTINUE JuNl11880C

: IF (JIERR .EQe =4) IPT=IPT + IN . L IUNI189C

: RETURN , U IUNI190C

‘180 IF(P oNEe 0) IPT=IPT +1 - ‘ . TUNI191C

= DO 185 NT=1,.NTA8 : . " IUNLT192¢C

P YOUNT)=Y(IPT«NT) B fUNT1930

t- 185 CONT INUZ : . ' - IUNI1940

: RETURN : . IUNI195C

- ' ' TUNTI1960

= IERR IS SET TO THE SUBSCRIPT OF THE MEMBER OF THE TABLE IUNIL1970

i - wHICH !5 CUT OF ORDZR 8§IGH\TAL PAGE [c° = IUNItSBO
. Poor QUALITY IUNT1990
IERR=J +! : _ fuNI2nd0 ¢
RETURN o 4 tuNt2n10
IERR=~3 o IUNI2020
RE TURN 1uNI2030
ENp - 1UNI2040
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Table 1. Total Tissue Optical Thickness for Protons

E,GQV ~ *(E) E,GeV t(E)

0. S 1 L3 . 6.57 ;
o - 0035 | 15 s.03
025 07 - 17 9.52
o5 . .os10 | 20 1.7
A ass 2.2 13.27
a5 ‘A 259 2.4 14,78
2 s 2.6-  16.29

s .501 2.8  17.79
3 .ess 3.0 19.29

350 .82 i 4.0 26,62
.4 - 1.004 _ 5.0 33.81
.5 1.429 6.0 40.84

.7 2,471 7.0 47.75

.9 3.743 8.5 $7.91
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1.1~ 5.143 10.0 67.85
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