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I ntroduction

This document briefly summarizes some of the quality assurance efforts undertaken with respect to
the computation of the cancer risk coefficients of Federal Guidance Report 13. The coefficients
were derived using the DCAL System software developed by ORNL for the Environmental
Protection Agency. DCAL isan integration on personal computers of the dosimetric software and
numerical data bases developed at ORNL over the past twenty years. The system has been one of
three computer codes used to produce the dosimetric datain recent publications of the International
Commission on Radiological Protection (ICRP) and hence its dosimetric aspects have been subject
to considerable QA efforts. Thisreport begins with a brief reflection on the QA aspectsincluded in
the design of the DCAL System and those followed in assembling the numerous data filesthat reside
withinthe system. Following that discussion some numerical examples are presented, and the report
concludes with a detailed comparison of dosimetric and risk coefficients derived in various manners.

The DCAL System

DCAL is a software system for the computation of dose and risk coefficients associated with the
intake of and exposure to radionuclides. The system makes extensive use of datafiles to limit the
amount of information the user must provide, thus reducing the potentia for input errors. All data
files have been subjected to extensive review and verification not only by the authors but aso by
others who haveused variousmodules(e.g., SEECAL ) and associated datafiles (e.g., nuclear decay
data). To reduce the occurrence of “user errors,” the system was designed in a manner that
minimizes the amount of information to be provided by the user. For example, information on the
half-lives of the radionuclides, theidentity of radioactive decay products (possible decay chains), the
masses of organs, etc. is provided by the system. All such files are constructed so that they can be
“read” and, in many instances, the DCAL System contains utility routines to facilitate the resolution
of any questions or issues regarding the validity of data elements. Where possible, the system
includes graphical presentation of the data and the results of the computation to enable visual
confirmation. These features are necessary, but of course are not sufficient, to ensure quality.

A schematic of the DCAL System is shown in Fig. 1. The software runs within a DOS “box”
provided by Windows 95/98/NT operating systems. Thenumerical calculationsarecarried out within
the modules shown as rectangles. These modules are written in FORTRAN. A BASIC module
provides the interactive driver for the FORTRAN modules. The system can be operated in both the
interactive and batch mode.
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Fig. 1 Schematic of the DCAL System used in production of FGR-13.

DCAL’sBiokinetic Module

A detailed description of DCAL’s numerical solver for the biokinetic models (i.e., the system of
differential equations characterizing the biokinetic behavior) has been described by Leggett et al.
(1993). This solver has been used at ORNL for more than 10 years and has been subjected to
hundreds of checks against other solvers. The ORNL solver was selected because of its numerical
samplicity and its ability to handle the large systems of differential equations encountered in interna
dosimetry. For example, morethan 600 simultaneousdifferential equationsareinvolvedin addressing
the inhalation of Th-232 as Type S materia when each decay product is assigned independent
kinetics.

Example 1. This example illustrates the type of comparisons that have been made between the
DCAL solver and other solvers with regard to solving models with time-varying parameter values.
In this example, a comparison is made with a modification of a method developed by A. Birchall
(1989). Themode consideredisthel CRP sage-specific biokinetic model for americium aspublished
by Leggett (1992). It isassumed that americium isinjected into blood at age 1y and that thereisno
radiological decay. The modification of the Birchall method was necessary to consider changeswith
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age in the biokinetics. Results of the comparison are tabulated below.

Time After Contents (Fraction of Injected Americium)
I njection
(d) Liver Skeleton  Gonads Urine Feces

DCAL 1 0.08777 0.6149 2.262E-5 0.06296 0.004342
modified Birchall 0.08778 0.6150 2.263E-5 0.06297 0.004344
DCAL 10 0.09942 0.7071 2.590E-5 0.08316 0.01309
modified Birchall 0.09942 0.7072 2.590E-5 0.08316 0.01309
DCAL 100 0.09583 0.7353 2.754E-5 0.1016 0.01517
modified Birchall 0.09586 0.7356 2.755E-5 0.1016 0.01517
DCAL 1000 0.1379  0.5330 4.580E-5 0.2255 0.03816
modified Birchall 0.1383  0.5346 4.595E-5 0.2262 0.03828
DCAL 10,000 0.02621 0.1949 7.651E-5 0.5506 0.1174
modified Birchall 0.02610 0.1958 7.650E-5  0.5528 0.1180

Example 2. As a second example of the types of checks to which the DCAL solver has been
subjected, we consider acase in which thereisingrowth of radioactive progeny inthebody. Leeand
coworkers (1997) have published abiokinetic model for 22Th and radioactive progeny in adults. The
model assumes independent kinetics of 2Ra produced by decay of *?Thin the body. Asacheck
of the DCAL solver, four different methods were used to solve for the integrated activities of 22T
and “®Rain the main compartments of the Lee model: (1) DCAL; (2) derivation of anaytical
solutions using the computer softwarefor eigen-system analysis (Killough and Eckerman, 1984); (3)
a computer algorithm based on a simplification of the eigen-analysis method (Birchall and James,
1989); and (4) Laplace transforms (as solved by Lee and coworkers). Methods 2 - 4 are virtualy
exact methods, but are slow and cumbersome to use and for practical purposes are limited in their
applicability to age-independent models with relatively small numbers of compartments. In the
following table, results are rounded to three digits. Before rounding, the differencesin solutions by
the four methods were less than 0.3% in all cases.



Compartment DCAL DIFSOL Birchall Lee et al.

blood, #*2Th 5.32E5 5.33E5 5.33E5 5.33E5
bone surf, #?Th 4.10E8 4.11E8 4.11E8 4.11E8
liver, #%Th 3.21E7 3.21E7 3.21E7 3.21E7
soft tissue, ?**Th 1.28E8 1.29E8 1.29E8 1.29E8
blood, ?®Ra 5.00E3 5.01E3 5.01E3 5.0103
soft tissue, **Ra 6.04E5 6.05E5 6.05E5 6.05E5
liver, #?®Ra 8.12E4 8.12E4 8.12E4 8.12E4
Gl tract, ?®Ra 2.06E5 2.07E5 2.07E5 2.07E5
bone surf, #?®Ra 7.880E5 7.90E5 7.90E5 7.90E5
ST?trab, ?*®Ra 1.38E6 1.38E6 1.38E6 1.38E6
LT? trab, ***Ra 2.03E5 2.03E5 2.03E5 2.03E5
ST cort, *Ra 7.21E5 7.23E5 7.23E5 7.23E5
LT cort, ?®Ra 1.48E6 1.48E6 1.48E6 1.48E6

% ST = short-term, LT = long-term

Dosimetric Module

Within DCAL thedosimetric aspectsof interna emittersareembodiedinthe SEECAL module, which
has been described in an ORNL/TM report (Cristy and Eckerman 1993). The current version of
SEECAL withinthe DCAL System directly accesses the nuclear decay datafiles. SEECAL usesthe
full set of nuclear decay data, including the beta spectra, and not just the abridged tabulations given
in ICRP Publication 38 (ICRP 1983). The nuclear decay data files have been documented in an
ORNL/TM report (Eckerman et al. 1993) and a Health Physics paper (Eckerman et al. 1994). The
results of hand calculations are compared below with the SEECAL’ s output for some radonuclides
having relatively smple emissions. The relevant formulation is

-13
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where y, is the number of radiation i of unique or average energy E (MeV) emitted per nuclear
transformation of the radionuclide, and AF(T < S), isthefractionin energy of radiationi emittedin
Sthat is absorbed in target tissue T of mass M. (kg). The constant 1.602 10 *3is the number of
joules per MeV. Using the above units for energy and mass, the units of SE are Gy per Bg s.

Example 3. Po-210 emitsan alphaparticle of kinetic energy 5.297 MeV. Computethe SE for bone
surface (BS) assuming Po is distributed either on the surface or within the volume of cortical bone
(CB) and trabecular bone (TB). The mass of bone surfaceis 0.12 kg. Also compute the SE for self
dose of the liver (mass 1.8 kg). The absorbed fraction in the liver, AF(Liver < Liver), isone. The
relevant AFs for bone surface are:

AF(BS<CB),, = 0.01 AF(BS<TB), = 0.025
AF(BS=CB)g = 0.25 AF(BS=TB)g = 0.25.
From the above we have:

1.6023 101 5,297 0.25

SE(BS«—CB), - SE(BS= TB), - 0

1.768 1012 Gy/nt

1.6023 10 = 5.297 0.01

SE(BS< CB),, =
( v 0.12
= 7.072 102 Gy/nt
-13
SE(BS—TB), - 1.6023 10 13 5.297 0.025

0.12

1.768 1013 Gy/nt

The 5.297 MeV noted above is the kinetic energy of the alpha particle. The nuclei formed in the
alpha decay process shares the available energy by itsrecoil. The mass of the recoiling nuclei is4
mass units less than the parent nuclel since the apha particleisthe He nucleus. Therecoil energy is
assumed to be absorbed in the bone mineral and not available to irradiate bone surface. However,
for self-dose the recoiling nucleusis considered. Thetota kinetic energy T available for absorption
isgiven by:



where M, isthe mass of thealphaparticle (4.0026 amu), E_ isthekinetic energy of thealphaparticle,
and A is the atomic number of the parent nuclei. The SE for self dose of the liver isthus

N 4-00:6] 5.297 1.0

1.602310 % ( 1
SE(Liver < Liver)

18
4.806 1071 Gy/nt

The above numerical values correspond exactly to the Po-210 SEs computed by SEECAL. Many
other example calculations have been carried out. DCAL provides the user with access to all the
numerical values used by SEECAL in calculating SE, thus enabling the user to verify SEECAL’S
values at any time.

Lung Model Formulation

Often theimplementation of submodelsin DCAL isverified by formulating special calculations. For
example, the implementation of the ICRP lung model (ICRP 1994) can be verified by examining the
total amount of inhaled material absorbed directly from the lung and that entering the gastrointestinal
tract. The lung model is shown in schematic formin Fig. 2.
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For thereference worker (aerosol AMAD of 5 um) thedepositioninthe Al regionis5.319% and that
inthe bb region is 1.103%. These deposits will be absorbed from the lung. The deposition in BB,
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and BB, (0.605%) will also be absorbed. A fraction of the material deposited in BB, (1.171%) is
absorbed from that compartment, (1.171 100) / (100 + 10) or 1.065%, and the remainder [(1.171 10)
/ (100 + 10)] istransferred to ET,, where the fraction 100/(100+100) of the transferred material is
absorbed; total absorption is thus 0.053%. Absorption of material deposited in ET, (39.89%) is
(39.89 100) / (100 + 100) or 19.945%. Thetotal absorption isthus5.319 + 1.103 + 0.605 + 1.065
+ 0.053 + 19.945 or 28.09%. Material entering the Gl-tract is largely that deposited in ET, or
transferred to ET, from BB,. Since the transfer rate into the Gl-tract is equal to the absorption rate
(both 100 d?) the transfer to the Gl-tract is 19.945 + 0.053 or 20%.

DCAL can smulate the above by defining a special biokinetic model where the material in “Blood”
isremoved to “Excreta’ with an extremely small transfer coefficient (e.g., 1.0E-30). This, in effect,
results in the “Blood” compartment acting as an integrator.  Similarly, changing the transfer
coefficient from the stomach to the small intestine in the kinetics of Type F material (ICRP66F.LNG)
to an extremely small value resultsin the “ St Cont” acting as an integrator. The results calculated
by DCAL (by the ACTACAL module) arein agreement with the above values. The DCAL’sresults
for al absorption Types are:

Fate of Inhaled Activity in Reference Worker
(AMAD =5 um)

Type ToBlood (%)* ToGlI-Tract (%)*

F 28.1 20.0
M 6.1 42.0
S 0.6 47.5

& Percent of inhaled activity in absence of decay.

Checkson External Dose Estimates

Extensive QA efforts were undertaken during the calculations of the external dose coefficients that
were published in FGR-12. Asdiscussed in Chapter 2 of FGR-12, extensive comparisons were made
with published works, including ICRP Publication 53. In addition, various investigators were
contacted to resolve any remaining numerical differences. These investigators wereincluded among
the externa reviewers of FGR-12. The computations of the cancer risk coefficients in FGR-13
directly accesses externa dose coefficient files generated during the preparation of FGR-12. That
IS, no new calculations of externa doses are undertaken in FGR-13.



Checkson Internal Dose Estimates

1. A large number of comparisons of integrated doses have been made by the ICRP dose calculation
task group (DOCAL) using three unrelated computer codes.

2. As a further check, effective dose coefficients for acute exposure were generated for all
radionuclidesconsidered in theinternal exposure scenariosand were compared with coefficientsfrom
the ICRP Dose Coefficient CD-ROM. Some of these coefficients were derived using the DCAL
System but most were derived by the NRPB using a considerably different method of solution.
Effective dose coefficients were generated and checked for each of the six ages at exposure
considered by the ICRP: infant (100d), 1y, 5y, 10y, 15y, and mature adult (age 20y or 25y,
depending on the definition of mature adult in the specific biokinetic model applied). These results

for inhaation intakes are shown graphicaly in Figs 3-6 and for ingestion in Figs 7-10.
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Tabulated in Appendix A are comparisons of committed effective dose coefficients published by the
| CRP with values computed during the preparation of FGR-13. Comparisons are made for each of
the six ages of acute intake considered in the FGR-13 calculations. Comparisons are marked “ok”
if the difference islessthan 5%. In many casesit isnot possible to make more precise comparisons
with the values published by the ICRP because the latter are rounded to two significant digits.

Checkson External Risk Coefficients

Table 6.2 of the Federal Guidance Report No. 13 draft document provides age-averaged site-specific
cancer mortality risk estimates (cancer deaths per person-Gy) from low-LET uniform irradiation of
the body. This table was generated by C. B. Nelson at EPA, using a computer code other than
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DCAL and subsequently verified by DCAL’s calculations. Because the external dose rates used in
the external exposure scenarios are assumed to be independent of age and time, the external risk
coefficients given in the Federal Guidance Report No. 13 draft document should be the same as the
Y. d.r;, where d, isthe age- and time-independent external dose rate for cancer sitei and r, isthe
mortality risk estimate given in Table 6.2 for site i. Comparison of an external risk coefficient
generated by DCAL with this sum provides a useful check on the DCAL-generated coefficient,
because the latter is calculated in the considerably more detailed fashion described in the draft
document, i.e., by calculating radiogenic risk on a year-by-year basis following the dose and
considering the likelihood of death from competing causes during each year based on the U.S. life
table. The results of this comparison are shown graphically in Fig 15-17 and listed in Appendix B.
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Checkson Internal Risk Coefficients

Table 6.2 of the draft FGR-13 cannot be used to check the risk coefficients for internal exposuresin
aprecise way because the internal doses are not constant with time and are not independent of age.
However, for radionuclides whose doses are delivered over arelatively short time following acute
intake, a check similar to that described above for the external risk module can be made for the
internal risk module of DCAL by considering the ssmpler situation in which the usage of
environmental mediaaswell asthe biokinetics and internal dosimetry are independent of age (usethe
dose estimatesfor the adult). Results of such comparisonswill betabulated in thefinal QA report for
several radionuclides with relatively short retention times and/or radiological half-lives. Results of
afew such comparisons are summarized below.

Example4. Ingestion of organically bound tritium by the adult resultsin adose of about 4.2 x 10+
Gy/Bqto all tissues. Although H-3is not a short-lived radionuclide, it is retained only briefly in the
body. From Table 6.2 the age-averaged total cancer mortality risk estimate is 5.75% per Gy. Thus,
an estimate of therisk is4.2x 10! x 5.75x 102 or 2.4 x 107 Bq'l. Table 7.2a of the draft of FGR-
13 indicates values of 2.09 and 2.66 x 10°* for water and diet, respectively.

Example 5. Inhalation of tritiated water vapor by the adult results in a dose of about 1.8 x 10!
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Gy/Bq to all tissues. Thus, the inhalation risks are estimated to be 1.8 x 10 x 5.75 x 10 or
1.0x 102 Bq . FGR-13's Table 7.2agivesavaue of 1.04 x 102 Bq™.

Example 6. From Table 6.2, the age-averaged thyroid cancer mortality estimateis 3.24 x 10 Gy'l.
For ingestion of 132) by the adult, the thyroid absorbed dose coefficient is 5.4 x 10° Gy/Bg. The
estimated thyroid cancer risk for 132 isthus5.4x 10°x 3.24x 10% or 1.7 x 102 Bq'l. Comparison
cannot be made directly with the tabulated risk coefficient in Table 7.2ain this case because much
of the decay of the short-lived 32| oceurs outside the thyroid; for example, Table 7.2aindicates that
stomach cancer rather than thyroid cancer is the highest contributor (38.1%% to the risk coefficient
of 6.87 x 10 for ingestion of water. The thyroid cancer risk estimates for %) in the detailed CD-
ROM tablesare 2.30 and 2.97 x 102 Bq™* for water and diet, respectively, compared with the crude
estimate of 1.7 x 10" Bq™.

Example 7. For ingestion of **1 by the adult, the thyroid absorbed dose coefficient is 4.3 x 10”7
Gy/Bg. From Table 6.2, the age-averaged thyroid cancer mortality estimate is 3.24 x 10* Gy'l.
Therefore, the estimated thyroid cancer risk for 13 is43x 10" x 324x 10%/ 1L50r 9.3x 10
Bq'l; notethat 1.5 isthe additional dose rate reduction factor applied to long-lived radioiodines. The
total mortality for water intakes of 131 |isted in Table 7.2ais 1.31 x 10°%° Bq'1 with thyroid cancer
being the highest contributor to the risk (93.2%). The thyroid cancer risk coefficient is 1.22 x 100
Bq'1 for water intakes. For dietary intakesthetotal mortality listed in Table 7.2ais 1.85 x 1010 Bq'1
with thyroid cancer bel ng the highest contributor to the risk (93.7%); thus, the thyroid cancer risk
coefficient is 1.73 x 10°™ Bq'1

Further checks can be carried out for the following radionuclides:

Dose Coefficient (Sv/BQq)

Nuclide Tissue I ngestion Inhalation

Cs-137 All 1.3E-08 F: 4.6E-09

Tc-99m Colon 6.6E-11

Tc-99m Stomach F: 2.1E-11

[-135 Thyroid 6.0E-11 V: 1.5E-08
F: 5.7E-09

More detailed checking is possible for other radionuclides, but it can be best carried out by writing
small computer programs to read the ALR and dose rate files. Such checking has being pursued at
ORNL.
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Comparison of Effective Dose Coefficients
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Conpari son of age-specific effective dose coefficients for ingestion
generated during FGR-13 conputations (for QA purposes only) with values
published by the I CRP. Conparisons marked with an "ok" differ by less than
5% while those marked by "-->" differ by greater than 5% Conpari sons
involving different fls are enclosed in the bracket "<<<<".

FGR- 13 | CRP

Age f1 e( Sv/ Bq) f1 e(Sv/ Bq)
ok H3 1 1.00000 1.186E-10 1.00000 1.200E-10
ok H3 2 1.00000 1.180E-10 1.00000 1.200E- 10
ok H3 3 1.00000 7.265E-11 1.00000 7.200E-11
ok H3 4 1.00000 5.692E-11 1.00000 5.700E-11
ok H3 5 1.00000 4.170E-11 1.00000 4.200E- 11
ok H3 6 1.00000 4.192E-11 1.00000 4.200E- 11
ok C14 1 1.00000 1.435E-09 1.00000 1.400E-09
ok C14 2 1.00000 1.614E-09 1.00000 1.B00E-09
ok C14 3 1.00000 9.953E-10 1.00000 9.900E- 10
ok C14 4 1.00000 8.002E-10 1.00000 8.000E- 10
ok C14 5 1.00000 5.761E-10 1.00000 5.700E- 10
ok C14 6 1.00000 5.805E-10 1.00000 5.800E- 10
ok S35 1 1.00000 1.274E-09 1.00000 1.300E-09
ok S35 2 1.00000 8.667E-10 1.00000 8.700E- 10
ok S35 3 1.00000 4.437E-10 1.00000 4.400E- 10
ok S35 4 1.00000 2.683E-10 1.00000 2.700E- 10
ok S35 5 1.00000 1.627E-10 1.00000 1.B00E- 10
ok S35 6 1.00000 1.315E-10 1.00000 1.300E-10
ok Ca-45 1 0.60000 1.121E-08 0.60000 1.100E-08
ok Ca-45 2 0.40000 4.894E-09 0.40000 4. 900E- 09
ok Ca-45 3 0.40000 2.571E-09 0.40000 2.600E- 09
ok Ca-45 4 0.40000 1.818E-09 0.40000 1.800E-09
ok Ca-45 5 0.40000 1.313E-09 0.40000 1.300E-09
ok Ca-45 6 0.30000 7.101E-10 0.30000 7.100E-10
ok Ca-47 1 0.60000 1.271E-08 0.60000 1.300E-08
ok Ca-47 2 0.40000 9.373E-09 0.40000 9. 300E-09
ok Ca-47 3 0.40000 4.898E-09 0.40000 4. 900E- 09
ok Ca-47 4 0.40000 3.014E-09 0.40000 3. 000E- 09
ok Ca-47 5 0.40000 1.841E-09 0.40000 1.800E- 09
ok Ca-47 6 0.30000 1.582E-09 0.30000 1.600E-09
ok Sc-47 1 0.00100 6.054E-09 0.00100 6. 100E-09
ok Sc-47 2 0.00010 3.914E-09 0.00010 3.900E- 09
ok Sc-47 3 0.00010 1.974E-09 0.00010 2. 000E- 09
ok Sc-47 4 0.00010 1.183E-09 0.00010 1.200E-09
ok Sc-47 5 0.00010 6.806E-10 0.00010 6.800E- 10
ok Sc-47 6 0.00010 5.465E-10 0.00010 5. 400E- 10
ok Fe-55 1 0.60000 7.487E-09 0.60000 7.500E-09
ok Fe-55 2 0.20000 2.354E-09 0.20000 2.400E-09
ok Fe-55 3 0.20000 1.744E-09 0.20000 1.700E-09
ok Fe-55 4 0.20000 1.117E-09 0.20000 1.100E-09
ok Fe-55 5 0.20000 7.704E-10 0.20000 7.700E-10
ok Fe-55 6 0.10000 3.312E-10 0.10000 3.300E- 10
ok Fe-59 1 0.60000 3.931E-08 0.60000 3.900E-08
ok Fe-59 2 0.20000 1.290E-08 0.20000 1.300E-08
ok Fe-59 3 0.20000 7.495E-09 0.20000 7.500E-09
ok Fe-59 4 0.20000 4.731E-09 0.20000 4. 700E- 09
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Conpari son of age-specific effective dose coefficients,
for inhalation intakes of radionuclides generated during FGR 13 conput ati ons
(for QA purposes only) with values published by the | CRP. Val ues narked with

"ok" differ by less than 5% |If the values differ by nore that 5%t hey

are narked by "-->".
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e (Sv/Baq)

If the difference resulted fromuse of a
different f1 values the conparison is marked by "<<<<".
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726E-09
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017E-10
369E- 10
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300E- 08
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Checkson external risk coefficients

Results of the comparison are summarized in the following table in the form of ratiosA : B , where
A istherisk coefficient for agiven radionuclide and external exposure scenario asgiveninthe Federal
Guidance 13 draft document, and B is the corresponding risk coefficient generated from Table 6.2.
Zero entries for a given radionuclide indicate that the external dose rate from that radionuclide is
assumed to be zero.

Radi onucl i de Subnersion G ound pl ane Soi
H 3 . 000 . 000 . 000
C 14 1. 009 . 998 1. 000
S-35 1.008 . 998 1. 002
Ar - 37 . 000 . 000 . 000
Ar -39 1. 007 1.008 1.003
Ar-41 1. 006 1. 005 1.003
Ca- 45 1.011 1. 000 1. 000
Ca- 47 1. 004 1. 006 1.003
Sc- 47 1. 004 1. 004 1. 000
Fe- 55 . 000 . 000 . 000
Fe- 59 1.003 1.003 1.003
Co- 57 1.004 1.003 1. 000
Co- 58 1.004 1. 004 1. 004
Co- 60 1.003 1. 000 1. 004
Ni - 59 . 000 . 000 . 000
Ni - 63 . 000 . 000 . 000
Zn- 65 1. 007 1.003 1. 000
Se- 75 1.002 1. 005 1. 004
Se- 79 1.008 . 999 1.002
Kr-74 1. 004 1.003 1.003
Kr-76 1. 000 1. 005 1.010
Kr-77 1.004 1.004 1.004
Kr-79 1.003 1. 000 1.003
Kr-81m 1.003 1.003 1.004
Kr-81 1. 000 1.003 1.008
Kr - 83m . 985 . 991 . 989
Kr - 85m 1.003 1.004 1.003
Kr - 85 1. 004 1. 005 1.003
Kr - 87 1. 005 1. 005 1.004
Kr - 88 1. 004 1.003 1.003
Br-74 1. 000 1. 000 1. 000
Br-76 1. 004 1. 000 1.004
Br-77 1.003 1. 000 1.003
Rb- 87 1.008 1. 000 1. 002
Rb- 88 1. 006 1.003 1. 000
Sr -89 1. 007 1. 009 1. 005
Sr-90 1.008 1.008 1. 004
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Y- 90
Zr-95
Nb- 94
Nb- 95m
Nb- 95
Mb- 99
Tc-95m
Tc-95
Tc-99m
Tc-99
Ru- 103
Ru- 106
Rh-103m
Rh- 106
Ag-108m
Ag- 108
Ag-110m
Ag- 110
Sh- 124
Sh- 125
Sh- 126
Sh- 127
Te-121
Te-123m
Te-123
Te-125m
Te-127m
Te- 127
Te-129m
Te-129
Te-131m
Te-131
Te-132

| -120

| -121

| -122

| -123

| -125

| -129

| -131

| -132

| -133

| -134

| -135
Xe-120
Xe-121
Xe-122
Xe-123
Xe- 125

RPRRPRRPRRRRRRRR RPRRPRRPRRRRRRRR

RPRRRRRRRRR

RPRRPRRPRRRRRRRR

. 006
. 000
. 005
. 000
. 000
. 003
. 006
. 005
. 004
. 009
. 000
. 000
. 986
. 004
. 003
. 004
. 003
. 004
. 004
. 010
. 004
. 000
. 000
. 000
. 993
. 993
. 996
. 000
. 003
. 007
. 003
. 010
. 002
. 004
. 003
. 004
. 003
. 993
. 000
. 003
. 003
. 000
. 003
. 005
. 003
. 002
. 000
. 000
. 002

RPRRPRRPRRRRRRRR RPRRPRRPRRRRRRRR

RPRRPRRPRRRRRRRR

RPRRPRRRRRRRR

. 008
. 003
. 004
. 003
. 005
. 004
. 006
. 005
. 003
. 000
. 004
. 000
. 990
. 008
. 004
. 006
. 007
. 006
. 004
. 004
. 007
. 003
. 003
. 003
. 994
. 991
. 997
. 003
. 000
. 003
. 004
. 004
. 009
. 007
. 005
. 004
. 002
. 000
. 999
. 000
. 000
. 006
. 000
. 004
. 005
. 004
. 000
. 003
. 000
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RPRRPRRPRRRRRRRR RPRRPRRRRRRRRR

RPRRPRRRRRRRR

RPRRPRRRRRRRR

. 009
. 000
. 002
. 007
. 005
. 003
. 006
. 000
. 004
. 002
. 000
. 000
. 990
. 004
. 002
. 004
. 003
. 000
. 004
. 000
. 004
. 000
. 000
. 000
. 993
. 995
. 993
. 008
. 004
. 007
. 003
. 000
. 002
. 004
. 004
. 004
. 003
. 995
. 997
. 003
. 003
. 000
. 004
. 002
. 001
. 004
. 000
. 006
. 004



Xe- 127
Xe-129m
Xe-131m
Xe-133m
Xe- 133
Xe-135m
Xe- 135
Xe- 138
Cs-134
Cs-135
Cs-136
Cs-137
Cs-138
Ce- 141
Ce- 144
Pr-144m
Pr-144
Ba- 133
Ba- 137m
Ba- 140
La- 140
Tl - 207
Tl - 208
Tl - 209
Pb- 210
Pb-211
Pb-212
Pb- 214
Bi - 210
Bi -211
Bi -212
Bi -214
Po- 210
Po- 211
Po- 212
Po- 214
Po- 215
Po- 216
Po- 218
Rn-218
Rn-219
Rn- 220
Rn-222
Ra- 224
Ra- 226
Ra- 228
Ac- 228
Pa- 233
Pa- 234m

RPRRPRRPRRPRRPRRPRPRPRRPRPRPRPRPRPRPRPRPRPRPRPRPRPRPRPRPRERRERRERRERRERRERER

RPRRPRRRRRRRR

e

. 002
. 000
. 000
. 002
. 002
. 010
. 003
. 003
. 003
. 009
. 004
. 008
. 003
. 000
. 000
. 000
. 000
. 003
. 007
. 002
. 003
. 000
. 003
. 004
. 000
. 008
. 003
. 003
. 008
. 009
. 004
. 005
. 000
. 005
. 000
. 005
. 002
. 002
. 000
. 005
. 000
. 003
. 003
. 004
. 007
. 000
. 004
. 002
. 005

RPRRPRRPRRPRRPRRPRPRPRRPRPRPRPRPRPRPRPRPRPRPRPRPRPRPRPRPRERRERRERRERRERRERER

RPRRPRRRRRRRR

e

. 000
. 000
. 000
. 006
. 000
. 004
. 000
. 004
. 004
. 000
. 009
. 008
. 008
. 003
. 003
. 000
. 006
. 005
. 003
. 003
. 009
. 008
. 006
. 010
. 000
. 003
. 004
. 008
. 010
. 000
. 010
. 004
. 004
. 005
. 000
. 002
. 003
. 003
. 004
. 005
. 003
. 000
. 000
. 004
. 003
. 000
. 004
. 000
. 006
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RPRRPRRPRRPRRPRRPRPRRPRRPRPRPRPRPRPRPRPRPRPRPRPRPRPRPRPRPRERRERRERRERRERERER

RPRRPRRRRRRRR

e

. 004
. 000
. 001
. 004
. 003
. 009
. 002
. 003
. 002
. 000
. 003
. 003
. 003
. 000
. 000
. 000
. 000
. 004
. 006
. 002
. 004
. 003
. 000
. 003
. 000
. 000
. 003
. 003
. 000
. 009
. 004
. 002
. 004
. 005
. 000
. 004
. 002
. 002
. 004
. 005
. 008
. 001
. 000
. 005
. 007
. 000
. 004
. 005
. 002



Pa- 234
Th- 228
Th- 230
Th- 231
Th- 232
Th- 234
U 232
U- 233
U 234
U- 235
U- 236
U- 238
Np- 236a
Np- 236b
Np- 237
Np- 239
Pu- 236
Pu- 238
Pu- 239
Pu- 240
Pu- 241
Pu- 242
Am 241
Am 243
Cm 242
Cm 243
Cm 244

RPRRRR RPRPRR

Y e

L

. 002
. 002
. 001
. 000
. 997
. 007
. 000
. 001
. 000
. 003
. 994
. 990
. 004
. 000
. 002
. 003
. 990
. 985
. 000
. 993
. 003
. 991
. 000
. 002
. 993
. 004
. 984

PR R

Y e [N

L

. 004
. 000
. 000
. 000
. 994
. 003
. 993
. 996
. 995
. 004
. 988
. 993
. 002
. 004
. 008
. 004
. 987
. 990
. 990
. 990
. 001
. 988
. 000
. 004
. 987
. 003
. 990
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Y e RPRRPRRPRRRRRRR

L

. 004
. 003
. 002
. 007
. 000
. 002
. 003
. 003
. 000
. 003
. 999
. 996
. 000
. 003
. 003
. 003
. 997
. 995
. 000
. 995
. 004
. 994
. 000
. 004
. 993
. 004
. 988



36



	Introduction
	The DCAL System
	DCAL’s Biokinetic Module
	Example 1.
	Example 2.

	Dosimetric Module
	Example 3.

	Lung Model Formulation
	Checks on External Dose Estimates
	Checks on Internal Dose Estimates
	Checks on External Risk Coefficients
	Checks on Internal Risk Coefficients
	Example 4.
	Example 5.
	Example 6.
	Example 7.

	References
	Appendix A - Comparison of Effective Dose Coefficients
	Appendix B - Checks on external risk coefficients



