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ABSTRACT 

WRAITH is a FORTRAN computer code which calculates the doses received 
by a standard man exposed to an accidental release of radioactive material. 
The movement of the released material through the atmosphere is calculated 
using a bivariate straight-line Gaussian distribution model, with Pasquill 

values for standard deviations. The quantity of material in the released 
cloud is modified during its transit time to account for radioactive decay 

and daughter production. External doses due to exposure to the cloud can be 

calculated using a semi-infinite cloud approximation. In situations where 
the semi-infinite cloud approximation is not a good one, the external dose can 

be calculated by a "finite plume 11 three-dimensional point-kernel numerical 
integration technique. Internal doses due to acute inhalation are cal.culated 
using the ICRP Task Group Lung Model and a four-segmented gastro-intestinal 

tract model. Translocation of the material between body compartments and 
retention in the body compartments are calculated using multiple exponential 
retention functions. Internal doses to each organ are calculated as sums of 

cross-organ doses, with each target organ irradiated by radioactive material 
in a number of source organs. All doses are calculated in rads, with 
separate values determined for high-LET and low-LET radiation. 

i; i 



SUI't1ARY 

WRAITH is a computer code written in ASCII FORTRAN, which calculates the 
doses resulting from an atmospheric release of radioactive material. The 

user supplies a source term, including the quantity and solubility class of 

each radionuclide in the release, and specific information describing the 
atmospheric conditions at the time of the release. WRAITH calculates the 

atmospheric transport of the radioactive material to each of a number of 

downwind receptor points, and calculates the external and internal doses to 

a reference man at each of the receptor points. 

The external dose calculation can be performed by assuming that the 

reference man is submersed in a semi-infinite cloud or by assuming that the 

reference man is exposed to a plume of finite dimensions. The finite plume 

calculation can assume that the plume is overhead, or that the dose point is 

anywhere inside the plume. This calculation is performed using a three­

dimens i anal point-kernel integration. 

The internal dose commitment evaluation assumes that the material is 

introduced into the body by acute inhalation. The ICRP Task Group Lung Model 

and a four-compartment gastrointestinal tract model are used to calculate 

radionuclide movement in the body. Clearance of the radioactive material from 

other organs in the body is evaluated using multiple exponential retention 

functions for the organ. Doses to each organ are calculated using a cross­
organ dose evaluation method in which radioactive material residing in each 

"source organ" irradiates each "target organ." 

Doses to each target organ from all internal and external sources of 
radiation are summed at each receptor point. All doses are evaluated in 

units of rads, with separate evaluations for low-LET and high-LET radiation. 

These doses can then be converted to dose equivalents {in units of rems), 

using a value for the quality factor for high-LET radiation supplied by the 

user. 
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WRAITH - A COMPUTER CODE FOR CALCULATING INTERNAL 
AND EXTERNAL DOSES RESULTING FROM AN 

ATMOSPHERIC RELEASE OF RADIOACTIVE MATERIAL(a) 

(b) R. I. Scherpelz, F. J. Borst, and G. R. Hoenes 

INTRODUCTION 

The computer code WRAITH (Which Results Accompany Isotopic Transport to 
- - - - -

.t!_umans) was developed at the Pacific Northwest Laboratory for the U.S. Nuclear 

Regulatory Commission's study of Early Effects of Inhaled Radionuclides. 

WRAITH is specifically intended to determine doses for use as input to a dose 
response model. This model would predict mortality and morbidity in a popu­

lation exposed to a cloud of radionuclides released during an accident at a 
nuclear facility. The release is assumed to occur during a short time inter­
val, so that any exposure to the cloud will result in an acute dose. The 

source term (the quantities, in curies, of all radionuclides in the release) 
and meteorological conditions at the time of the release are assumed to be 
known. WRAITH then calculates doses which would be received by a reference 
man at each of a number of points directly downwind from the release. 

WRAITH calculates the atmospheric movement of the released cloud using 
a bivariate straight-line Gaussian distribution model. The standard devia­
tions are taken from Pasquill curves. Corrections may be applied for plume 
meander or building wake effects, for plume rise or for plume depletion by 
dry deposition. 

Doses are calculated to three target organs: total body, red bone 
marrow, and the lungs. All important sources of radiation, both external and 
internal, are considered in evaluating the dose to each organ. The external 
dose contribution may be calculated either by assuming submersion in a plume 
of infinite dimensions or by a finite-plume calculation. Contributions from 
radiation emitted by nuclides in ten different source organs are considered 

(a) Work on this project was performed for the U.S. Nuclear Regulatory 
Commission, Division of Safeguards, Fuel Cycle and Environmental Research, 
under DOE Contract DE-AC06-76RLO 1830. 

{b) Present address: Ft. St. Vrain, Public Service Company of Colorado, 
Platteville, CO 80651. 



as irradiating the target organ. Movement of the material through the body 
is calculated using the Task Group Lung Model for the respiratory system and 

a four-segmented gastrointestinal tract model. Retention of radionuclides in 
other source organs is described by multiple exponential functions. 

Dose commitments are calculated in units of rads, with separate values 

determined for high-LET and for low-LET radiation. The dose response model is 
not valid for high-LET radiation other than alphas. Therefore, WRAITH's 

high-LET dose calculation ignores the contributions of neutrons, spontaneous 
fission fragments and alpha recoil nuclei. If the user supplies a quality 
factor for alpha radiation, the summed dose commitments will be expressed in 
rems and in rads. Since the code was developed specifically for use with the 
dose response model, doses to only three organs are considered and acute 
inhalation is the only pathway for material to enter the body. 
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DESCRIPTION OF MATHEMATICAL MODELS 

ATMOSPHERIC DISPERSION 

The atmospheric dispersion in WRAITH is calculated using a bivariate 
straight-line Gaussian distribution model, with standard deviations for 
lateral and vertical plume spread taken from Pasquill curves. Elevated and 

ground-level releases consider ground-level releases are handled differently: 
building wake effects and the effects of plume meander, while elevated releases 

In all cases, plume depletion by may include plume rise correction 
dry deposition may be calculated. 

factors. 

Pasquill Standard Deviations for Plume Spread 

Material released from the accident site is assumed to travel at the 
average wind speed in a straight line from the release site to the receptor 
site. 

The receptor site is assumed to be at ground level, on the plume center­
line for ground-level releases, or directly below the plume centerline for 
elevated releases. Plume spread in the x-direction (parallel to the direction 
of the wind) is assumed to be negligible; thus, plume spread occurs only in 
they direction (horizontally cross-wind) and z-direction (vertical). The 
plume spread is assumed to result in Gaussian distributions of material con­
centrations about the centerline in both the y- and z-directions. The con­

centration distributions are described by the standard deviations, cry and oz. 

Values for oy and oz were obtained from the Pasquill curves. (l) These 
curves were plotted for each of six atmospheric stability classes, called A 
through F, where classes A, Band Care considered unstable, 0 neutral, and 
E and F stable. The o values depend only on stability class and distance of 
plume travel. Data from the curves were tabulated, and the data from the 
tables are stored in WRAITH. The code interpolates these table values to 
determine the o values for each case. The o values in WRAITH are listed in 
Tables 1 and 2. 
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TABLE l. Pas quill Standard Deviations for Horizontal Plume Spread 

Distance Values of a~(m) for Pasguill T~~e 
(m) A B C D E F -- -- --

100 21 16 12 8 6 3.9 
150 32 24 17. 5 12 9 6 
250 54 40 28.5 19.5 14.5 9.8 
350 75 55 40 26.5 20 13.5 
500 105 76 55 37 28 18.5 
700 142 106 76 51 37 25.5 

1,000 200 148 106 72 52 36 
1 '500 290 215 155 104 75 52 
2,500 450 340 240 160 120 81 
3,500 610 460 330 225 165 110 
5,000 830 630 450 310 220 153 
7,000 1 '120 840 610 420 300 210 

10,000 1,550 1 ,200 850 570 410 280 
15,000 2,200 1 ,680 1 '200 710 570 400 
25,000 3,400 2,600 1 ,850 1 ,250 880 610 
35,000 4,500 3,500 2,500 1 '700 1 '180 820 
50,000 6, 200 4,700 3,400 2,300 1 ,600 1 '120 
70,000 8,200 6,400 4,700 3,000 2,100 1 ,480 

110,000 12' 000 9,200 6,800 4,500 3,000 2,200 

TABLE 2. Pasqui ll Standard Deviations for Vertical Plume Spread 

Distance Values of oz (m) for Pasgui 11 T~~e 
( m) A B c D E F 

100 15 10 7. 8 4. 7 3 1.4 
150 22.5 15 11 6.8 4. 3 2.2 
250 43 25.5 17. 5 10.5 7. 1 4 
350 70 37 24 14 9.4 5.3 
500 135 57 34 19 1 3 7.6 
700 270 86 46 25 17 10 

1 ,000 670 135 64 33 22 13. 5 
1,500 2,000 240 90 43 29 17. 7 
2,500 2,000 580 140 62 41 25 
3,500 2,000 1 '200 190 76 50 30 
5,000 2,000 2,000 260 95 61 35 
7,000 2,000 2,000 340 115 72 41 

10,000 2,000 2,000 440 140 84 47 
15 '000 2,000 2,000 600 170 99 55 
25,000 2,000 2,000 880 220 117 64 
35 '000 2,000 2,000 1 '120 265 130 72 
50,000 2,000 2,000 1 ,440 320 140 79 
70,000 2,000 2,000 1 '780 370 155 86 

110,000 2,000 2,000 2,000 480 1 75 97 
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Ground Level or Vent Releases 

When material is released at ground level or from building vents, the 
atmospheric dispersion calculation may include dilution due to wake effects 

from nearby buildings. Under stable atmospheric conditions with low wind­
speeds, the calculation may also include effects due to the plume meandering 

about the centerline. When averaged over the time of the release, the plume 
is still described by a Gaussian distribution along they and z axes, but 
meander will contribute to increased plume spread. Nuclear Regulatory 
Commission Regulatory Guide l.l45(Z) lists three equations which should be 

selectively used for calculating relative air concentrations: 

E/Q 1 
= (1) 

u(" ay az + A/2) 

E/Q = 1 ( 2) 
TI(3lf ay oz) 

E/Q 1 
= ( 3) 

u " 'y oz 

where: E/Q =time-integrated relative a1r concentration (sec/m3), 
u = average windspeed at an evelation 10 meters above 

ground level (m/s), 

ay = lateral (horizontal crosswind) plume spread (m), 

oz = vertical plume spread (m), 
A =smallest vertical plane cross-sectional area of the 

building near the release point {m2), 

i y 
= ( M oy fa.r distances of 800 meters or less {m) 

(M-1) oySOO + cy for distances greater than 800 meters (m)l, 

ay800 = ay at 800 meters, and 
M = determined from Figure 1. 

The notation for the relative air concentration is E/Q rather than the 
more common x/Q to identify it as a time-integrated quantity, integrated over 
the duration of the release. The total amount of material discharged in the 

release is multiplied by E/Q to yield the time-integrated air concentration 
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at the receptor point. This value is used to determine the total dose, 
rather than a dose rate. 

M 

s.o.---------------------.., 

F 
4 ot-----'---"1. 

E 
J. of----"---""' 

l5 

0 
2. ol---""---..._ 

1.5 

AVERAGE WINDS PEED lmlsl 

FIGURE 1. Determination of M, A Correction 
to Pasquill cry Values 

Values for E/Q are calculated using Equations (1) and (2) for unstable 
stability classes or high windspeeds, or using Equations (1), (2) and (3) for 
stable classes with low windspeeds. The appropriate E/Q value is then chosen 
using the following selection rules: 

• For Pasquill classes A, B or C-or for u > 6: The maximum of 
the two values determined by Equations (l) and (2) is the 

appropriate value of E/Q. 

• For Pasquill classes D, E or F- and U < 6: The value of 

Equation (3) is compared to the maximum of Equations (1) 
and (2). The minimum of these two values is the appropriate 

E/Q value. 
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Elevated Releases 

Atmospheric dispersion calculations due to releases from a stack elevated 
well above adjacent buildings use the following equation:(l)_ 

E/Q = 
1 ( 2) -he 

exp 2 
2 oz 

( 4) 
IT Uh Oy Oz 

where: "h = average windspeed at release height (m/s), 

he = effective stack height (m), 
he = hs + ,\h 

hs = elevation of top of stack above ground level ( m) ' 
,\h = stack height correction due to plume rise ( m). 

Two types of plume rise correction factors are commonly employed: 

momentum-dominated plume rise and buoyancy-dominated plume rise. (3) The veloc­

ity of the effluent as lt leaves the stack is responsible for the momentum­

dominated correction, while the heat content of the effluent determines the 

buoyancy-dominated correction. Either factor could act independently or in 

conjunction with the other. 

Momentum-dominated plume rise is independent of atmospheric stability 

class and distance from the stack. It is calculated by:( 4) 

"h = 1 . 5 ~ ( 5) 
uh 

where: Vg = velocity of effluent leaving the stack (m/s), and 

d = inside diameter of top of the stack (m). 

Buoyancy-dominated plume rise depends on atmospheric conditions and dis­

tance from the stack, in addition to properties of the effluent. (5) For 
Pasquill classes A, B, C and D: 

,\h = ( 6) 
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where: X 

F 

qh 
g 

vf 
Ta 

Ts 

0 

0 

0 

0 

0 

0 

distance from the stack, or 10 h5 , whichever is larger (m), 

3.7 x w- 5 oh 

or 

heat emission rate from the stack (cal/sec), 
9.8 mjs2, 

effluent volume flow rate (m3/s}, 

ambient air temperature at top of stack (°K), and 

temperature of effluent as it leaves the stack (°K). 

Either expression may be used for F, depending on the available data. 
For Pasq1,'ill clas·:;es E and F: 

llh = 

where: r· 

s 

0 

l. 6 PI 3 r'/3 

"h 

,.f 2 4- s- 1/ 2 
r < • uh 

range (stack-to-receptor distance) (m), 

r ), 

vertical air temperature gradient (°K/m), 

r = adiabatic lapse rate of the atmosphere 
o 0.0098 'K/m, and 

2.9 
p/3 

~ 

"h 

if r > 2.4 uhs- 112 

8 

(7) 
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PluiTE Depletion by Dry Deposition 

Radioactive material may be lost from the plume when the plume touches 

vegetation or other surfaces. These processes may be included in the plume 

dispersion calculation by means of a correction factor for dry deposition. 

Nuclear Regulatory Commission Regulatory Guide l. 111{6) recommends a model 

for plume depletion by dry deposition which depends on Pasquill stability 

class, elevation of release, and downwind distance of plume travel. The 

correction factors are expressed as the fraction of material released which 

remains in the plume. When the appropriate correction factor is multiplied 

by the material 1 s concentration in air assuming no dry deposition, the effec­

tive plume concentration is obtained. Mathematical expressions fitting the 
curves in Regulatory Guide 1.111{ 6) have been included in a subroutine in 

WRAITH.{?) The correction factor for each range, Dct(r), can then be multi­

plied by E/Q to calculate the corrected time-integrated relative air 

concentration: 

where: li!:)_ = 
Q 

time-integrated relative air concentration at range r, 
including appropriate correction factors {secjm3), 

1 if no plume depletion is calculated 

or fraction of material remaining in plume at range rafter 
plume depletion by dry deposition. 

RADIOACTIVE DECAY AND PRODUCTION DURING TRANSIT 

( 9) 

The concentrations of radioactive material in the plume can change due 

to radioactive decay while the plume is traveling from the release site to 
the receptor site. The quantity of a radionuclide present in the original 

release must be modified to account for radioactive decay and the production 

of daughter radionuclides during transit from the release point to each 

receptor point. This apparent quantity released can be multiplied by E/Q to 

give the nuclide 1 S air concentration at each receptor point. Thus, 

E; ( r) = Q; ' ( r) E(r) 
-0-

9 
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where: Ei(r) = concentration of nuclide i at ranger (curies-sec;m3), 
Oi' (r) = activity of nuclide i in release, corrected for 

radioactive decay and production during transit 
to range r (curies). 

For radionuclides present in the original release, Q;'(r) is found by: 

Q;'(r) = Ooi e-{; tr(r) (ll) 

where: Oo; = quantity of nuclide i in release (Ci), 

{. = radioactive decay constant for nuclide ( d- l) 
1 = ln2/Tr 

Tr 
1 

= radioactive half-life of nuclide i (d) 
1 

tr(r) = trans it time for plume travel from release site to 
range r (d) 

= r 

86400 u 

If a radionuclide is a decay product of one or more radionuclides in the 
release, then its concentration must be adjusted for production from each 
parent nuclide in the release. For each parent i, production of each dau­
ghter, j, can be found by:(B) 

where: 

n n 

Qj ' ( r) = Ooi n (~ <)~ e-{, tr(r) 

k=2 n 

!l({p-{£) 
p=l 
p~£ 

the fraction of nuclide (k-1) decays which produce 
nuclide k, and subscripts obey the following rules: 
Subscripts k, ~ and p refer to the nuclide which 
is the kth, ~th or pth member of the chain path 
which leads from parent i to daughter j. Daughter 
j is the nth member of the chain path. 

( 12) 

A radionuclide chain handled by WRAITH may have as many as eight mem­
bers, and each daughter may have as many as two parents in the chain. Thus 

several paths may lead through the chain from a parent to a daughter, and 
Equation (12) must be performed for each chain path, summing all the results 

10 



to get the apparent release rate. If a nuclide is present in the release, 
then the results of Equation (11) and all necessary applications of Equa­
tion (12} must be summed to give Di'. 

EXTERNAL DOSE CALCULATION 

The component of the dose to a person at the receptor site which is due 
to radiation emitted by radionuclides outside the body is called the external 
dose. The external doses calculated by WRAITH are all 5 em depth doses 
(doses to tissue by radiation attenuated by 5 em of tissue). Since alpha 
and beta radiation do not significantly penetrate 5 em of tissue, all the 

external dose calculations only consider gamma radiation. Two different 
methods of calculating external doses are available in WRAITH: 

submersion in a semi-infinite cloud, and 
numerical integration of doses over the finite plume volume. 

Submersion in a Semi-Infinite Cloud 

In a uniform infinite cloud of photon emitters, a small volume of air 
absorbs energy at the same rate as the rate of energy emission by that volume. 
Thus, 

where: D"" 

Xi 
ny 

fyg 

Eyg 

1. 6xl0- 6 

0. 485X; 

= dose rate to air at the center of a cloud con­
taining nuclide i (rad/s), 

= 

= 

= 

concentration of nuclide i in the cloud (Ci/m3), 
number of photons emitted by nuclide i, 

abundance of the gth photon, 
= energy of the gth photon (MeV} 

= number of ergs per MeV 

ll 

( 13} 



3.7x1o10 

1220 = 

number of disintegrations/sec/Ci, 

density of dry air at 760 torr, 290'K (g;m3), and 

100 = energy absorbed per gram of air/rad (erg/g-rad). 

If the small volurre absorbing energy is at ground level, it is exposed 

to only half of the plume (a semi-infinite plume). Equation (13) can there­

fore be used to find the dose rate to tissue at ground level by dividing by 

two and multiplying by the ratio of electron density in tissue to that in air: 

Dti = ' X l.ll X IJoo " 
ny 

Dti = 0.269 xi 2.:: f yg Eyg ( 14) 
g=1 

. 
where: Dti = dose rate to tissue at ground level (radjs}, and 

~ 1.11 ratio of electron density in tissue to that in air. 

Integrating the dose rate over the total time of exposure to the cloud 

gives the total dose: 

where: Dti 

= 

= 0.269 Ei(r) 

ny 

0.269 2.:: 
9=1 

= the dose to tissue from gammas emitted by nuclide 
at range r (rads), and 

= total time of exposure to the cloud (sec). 

(15) 

To convert Equation (15) for use in a depth dose calculation, attenua­

tion of the gammas by 5 em of tissue must be included. Thus, Equation (15) 

is multiplied by an exponential attenuation factor and a buildup factor. 

WRAITH uses this equation in a slightly different form, calculating the 

product of a constant, the nuclide concentration, and its external dose 

factor: 

12 



where: Dx; ( r) 

where: = 

!'!.X = 

= 

1 
= 

3.6 X 10-6 

= external dose to tissue from gammas emitted by 
nuclide i in a semi-infinite cloud, after 
attenuation by 5 em of tissue ( rad), 3 

. . (mrad •m ) 
= external dose factor for nucl1de 1 pCi·hr 

9.695 X 10-5 
ny 

2: 
g=1 

linear attenuation coefficient for gammas of energy 
Eyg in tissue (em-1), and 

5 em 

( 16) 

( 17) 

The total external dose due to a semi-infinite plume containing a number 
of gamma-emitting nuclides is found by evaluating Equation (16) for each nuc­
lide and summing all the contributions. 

Exposure to a Plume of Finite Dimensions 

WRAITH finds the external dose resulting from exposure to a cloud of 
finite dimensions by performing a three-dimensional point kernel numerical 
integration. The dose rate due to a monoenergetic photon emitter in an 

incremental volume of air is: 

= 

where: d"Y = incremental dose rate to tissue due to photon­
emitters in differential cloud volume, dx dy dz 
(rad/see), 

= dose conversion factor for energy groups K 

(
rad·m2 . ) Ci-sec per MeV/d1s , 

13 
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Kk = (3. 70 X lOl\86·60 X 10-
6

) (10-
4

) (",a )k 

E; 

3.70 x 10
10 

=number of dis/sec/Ci 

1.60 x 10-6 =number of ergs/MeV 

104 = number of m2/cm2 

100 = number of ergs/g•rad 

= time-integrated concentration of photon 
( Ci -secjm3), 

emitter 

= dose buildup factor in air for photons in energy 
group k, 

2 
= 1 + Ak Uak rd + "k (uak rd) • 

= empirically-determined coefficients to fit buildup 
data from Berger(9), 

=energy of photons (MeV/dis), 

=total linear attenuation coefficient in air 
for photons in energy group k (m-1), 

rct =distance from cloud volume to dose point (m), and 

= mass absorption coefficient in tissue for photons 
in energy group k. 

( 19) 

Since a number of variables in Equation (13) are energy dependent, 

WRAITH performs this external dose calculation using energy groups. The 

photon energy spectrum is divided into twelve energy groups, and a calcula­
tion is performed for each one individually. 

The radionuclide concentrations in the differential cloud volumes are 

found using the following equation: 

E/Q 
1 (-(z-he)

2 i) (20) = exp 2 0 2 2 oyZ 2 uh ay oz z 

where: z = height of the volume above plant grade (m), and 

y horizontal distance of the volume from the plume 
center line (m). 

14 



The denominator of Equation (20) has a factor of two which does not appear 
in Equation (4). Equation (4) must include ground reflection, while a 
volume of air above the ground does not, resulting in a factor of two dif­
ference. In the event of ground level releases, the values of cry and crz 
are modified to reflect the effects of plume meander and building wake 
effects described by Equations (1), (2) and (3). 

WRAITH uses Equations (18) and (20) to calculate an energy dose factor 
for each photon energy group. For each nuclide, the energy dose factors are 
combined with the energies of all photons, and the photon attenuation in 
5 em of tissue, to calculate the external 5-cm dpeth dose for each nuclide. 

12 

where: 

Dxi(r) = Di'(r) L DYk(r) (1 + "k'\X) e-vkox. 
k=l 

= linear attenuation coefficient for tissue, for 
gammas in the kth energy group (cm-1), 

= number of gammas emitted by nuclide i in the kth 
energy group, 

= fraction of nuclide i decays which produce the gth 
gamma in the kth energy group, 

( 21 ) 

= energy of the gth gamma in the kth energy group (MeV), 
= energy dose factor for gammas in the kth energy group 

at range r (rad/Ci-MeV). 

= 

15 

1 
oz (

cJ.z-he)
2

) exp 2 2 • oz 

(22) 



The integrations in Equation (22) are performed numerically, using repeated 

applications of an eight-point polynomial integration formula (Bode's rule). 

The limits of integration are usually selected as three standard deviations 
from the dose point. (lO} 

INTERNAL DOSE CALCULATIONS 

WRAITH calculates doses to three "target organs'·· 

total body, 

red bone marrow, and 

pulmonary region of the lungs. 

All doses are calculated in rads, with separate determinations of doses for 
low-LET radiation (photons and electrons) and high-LET radiation (alphas). 

Cross-Organ Doses 

For the internal dose calculation, each target organ is considered to 

be irradiated by radiation emitted by radionuclides in nine "source organs": 

red bone marrow upper large intestine 

pulmonary region of the lungs 
liver 

stomach 
small intestine 

lower large intestine 
respiratory lymphatic system 

other 

The source organ called "other" is included to account for radionuclides in 
the body which are not present in any of the other source organs. The quan­

tity of any radionuclide not included in the other eight source organs is 
assumed to be evenly distributed through the entire body. 

The basic equation used to evaluate the dose commitment due to radio­
nuclide n in source organ X irradiating target organ Y is:(ll,l 2) 

tc 

Dn(Y+X} = Sn(Y+X} [ Axn(t}dt ( 23} 
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where: = dose commitment over time 
or9an Y from radionuclide 
X (rads), 

period tc to target 
n in source organ 

= 5-factor for radionuclide n in source organ X 
irradiating target organ Y (rad/vCi-days), and 

activity-residence time of nuclide n in 
organ X over time period tc (vCi-days). 

The dose calculated in Equation (23) is due to nuclide n alone, and 

assumes no contribution from any daughters of nuclide n. Thus, the activity­

residence time for each of n's daughters must also be calculated and mul­

tiplied by the appropriate S-factor to obtain the total dose to an organ 

resulting from the introduction of n into the organ. 

The general formulation for calculating an S-factor for radiation type 
p is: 

Sp(Y+X) 

where: 
51 . 15 

np 

fpm 

Epm 
¢pm(Y+X) 

= 

= 

= 

= 

= 

np 
51.15 L fpm Epm ¢prn (Y<-X) 

m=l 

(
g•rad) (disintegrations) 
l~eV x "Ci -day ' 

number of different particles of type p emitted, 

intensity of the mth particle of type p (number/ 
disintegration), 
energy of the mth particle of type p (MeV), and 

specific absorbed fraction: fraction of energy 
emitted from source organ X absorbed in target 
organ Y, per gram of Y (g-1). 

(24) 

The low-LET 5-factor for a nuclide is found by summing the S-factors for 
photons, betas and other electrons emitted by that nuclide. The high-LET 
5-factors include contributions only from alphas. 

Respiratory Tract ~1odel 

Since the internal dosimetry calculation in WRAITH deals with particles 

which are introduced to the body by acute inhalation, the model for the 

respiratory tract is of prime importance. The model used in WRAITH is 

17 



adapted from the report of the ICRP-11 Task Group on Lung Dynamics. (13 ) This 
model was developed for radionuclides which are attached to particles, and 

other radionuclides, such as noble gases, are treated differently. 

The respiratory tract in the Task Group Lung Model is divided into three 
regions: the nasopharyngeal region (N-P), tracheobronchial region (T-B), and 

the pulmonary region (P). The radionuclides introduced into the respiratory 
system are assumed to be attached to particles whose sizes are log-normally 
distributed about an activity median aerodynamic diameter (AMAD). The AMAD 
of a group of inhaled particles determines the fraction of the group which 

is deposited in each of the three regions. These deposition fractions are 
identified in the calculations as: 

D3 = the fraction of inhaled particles deposited in 
the N-P region, 

D4 = the fraction of inhaled particles deposited in 
the T-B region, and 

Ds = the fraction of 
the P region. 

inhaled particles deposited in 

Accepted values of 03, 04, and 05 for AMAO values ranging from 0.1 to 20 
microns are presented in Figure Vl-8.6 of the USNRC's Reactor Safety Study. (l 4) 

WRAITH evaluates the fractions using equations which fit these curves from 
a subroutine of the code INREM-11. (lS) 

Material deposited in the three respiratory compartments is assumed to 
leave the compartments via specific pathways. One pathway from each compart­

ment leads directly to the bloodstream. Either one or two pathways from each 
respiratory compartment lead to the stomach, which is the first segment of 

the four-segmented gastro-intestinal tract model. One pathway from the 
pulmonary region leads to the lymphatic system. Additional pathways lead 

from the G. I. tract and from the lymphatic system to the blood. Figure 2 

illustrates the compartments and pathways of the biological model used in 

WRAITH. 

The chemical form of the inhaled radionuclides and the physical form 

of the particles they are attached to determine the clearance of the radio­
nuclides from the respiratory compartments. WRAITH allows any mixture of 

18 



COMPARTMENT 

NP 

TB 

p 

Lymph 

TABLE 3. Clearance Half-Times an~ )ractions for 
Respiratory Tract Mode116 

CLEARANCE CLASS 
0 w y 

Path- --T~ 
fj Tb fb Tb 

wav j _J_ J J 

a 0.01 0.5 0. 01 0.1 0.01 
b 0. 01 0. 5 0.40 0.9 0.4 

c 0.01 0.95 0. 01 0.5 0.01 
d 0.2 0.05 0.2 0.5 0.2 

e 0. 5 0.8 50 0.15 500 
f 0.0 1 0.4 1 
g 0.0 50 0.4 500 
h 0. 5 0.2 50 0.05 500 

i 0. 5 1 50 1 1000 
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in the Human Body 

19 

F~ 

0.01 
0.99 

0.01 
0.99 

0.05 
0.4 
0.4 
0.15 

0.9 



three clearance classes for each radionuclide: D class, \·J class or Y class. 

The class of a radionuclide determines the allocation of the radionuclides 

deposited in any respiratory compartment among the various pathways leading 

from each compartment. The clearance class (sometimes called "solubility 

class") also determines the rate at which a radionuclide clears the compart­

ment. The clearance rate is described by a biological half time. Clearance 

rates and allocation fractions for all pathways are compiled in Table 3. It 

is assumed that any daughters of an inhaled nuclide share their parents'. 

clearance class for the respiratory tract calculation. 

The material leaving a respiratory compartment by a given pathway is 
assumed to clear exponentially, with the pathway's biological half time deter­

mining the exponential decay. This biological exponential clearance is 

coupled with the nuclide's radioactive exponential decay. The governing dif­

ferential equation for this process is: 

where: 

{ 
1 

f. 
J 

,b 
J 

Tb 
J 

= -{ 
1 

= the number of atoms of radionuclide i present in 
a respiratory compartment at timet which will 
clear the compartment by pathway j. 

= radio~ctive decay rate constant for nuclide i 
(day- ) , 

biololical decay rate constant for pathway j 
(day- ) , 

ln 2 
and = Tb - , 

' J 

= clearance half time for pathway j (days), 

(25) 

To calculate the activity of an inhaled nuclide in a respiratory compartment, 

c, at some time t days after inhalation, Equation (25) is solved, and summed 

over all pathways leading from compartment c: 

jc 

01c(t) = Onr De L fj e-'njt (26) 

j=l 
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where: 

On! 

On! 

8 
De 

= activity of nuclide n in compartment c at 
timet ("Ci), 

= 

= 

= 

= 

= 

= 

= 

= 

quantity of nuclide n inhaled (11Ci), . 
En X B, 
ventilation rate (cm3tsec), 

fraction of inhaled material deposited in 
compartment c, 

number of pathways leading from compartment c, 

fraction of material in compartment c clearing 
via pathway j, 

effective decay constant for nuclide n in 
compartment j [sum of radi o~,_c~ : ·-p 2nd b i Cl­

logical decay constants](day-1), n~d 

l + \~ . 
n J 

The subscript "1" is redundant in Equatinn (?.6) :;;,,--~ i~ refers to tt1e 

first nuclide in nuclide n's decay chain, w~ich is nuclide n itself. Subse­

quent equations will drop the "n" subscri~~,t on 01, assuming that Or always 

refers to the quantity of a specific nuc 1 -ide inhaled. Members of this nuc­

lide's decay chain will then be referenced by an integer subscript. 

An important step in evaluating internal doses is determining the 

activity-residence time in each source organ. When a nuclide is inhaled, 

the activity-residence time for the nuclide and each of its progeny nuc­

lides is evaluated in all source organs. These calculations use equations 

with complex exponential expressions similar to the Bateman equation 

[Equation (12)] but with many more exponentials. The equations used in 
WRAITH for internal dosimetry use a shorthand for these exponential 

( 17\ expressions: ' 

E; = exp(-A;t) 

The subscript on the E corresponds to the subscript on the A. The E notation 

omits the t in the expression, and it also omits any superscript which may be 

on the A. The time value and any appropriate A subscript should be obvious 

in each equation. 
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For a more complex exponential expression with two or more exponential 
terms, theE notation uses one subscript (or one set of subscripts) for each 
A, with the subscripts separated by commas. When more than one subscript is 
used on the E, it indicates a combination of two E1 S of the next lower level 
of complexity: 

E; Ej -A·t e ->j t e 1 E .. = = 
1 'J >j '; >j - '; 

and E .. k E· k 
E· . k 1 ,J ' J ' • £, = 

1 ,J • • £, ', - A. 
1 

(27) 

In internal dosimetry equations, one subscript is often insufficient for com­
pletely specifying one decay constant. Therefore, the equations which follow 
usually use one or two subscripts and a superscript: 

where: r 
b 

,;; + 

indicates a radioactive decay constant for nuclide n 
indicates a biological clearance constant in body compartment c 
no superscript indicates an effective decay 
constant (sum of biological and radioactive). 

When a large number of subscripts would make the E notation cumbersome, 

or when the number of subscripts may be variable, a shorthand for the sub­
script list uses the symbol fl. 

E = 
n E lc, zc, 3c, ... nc 
n ic 
i =l 

The A1 S used in this expression could be Ale' Azc• AJc' ... Anc' for the 
effective decay constants of the ;th nuclide in compartment c. Thus, using 
the notation of Equation {27), we could rewrite Equation (12) as: 

n 

Q' ( r) = Ooj n ({ f~) E 
J n 

k=2 nt ( 28) 

£='1 
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If the exponential expression is integrated over a time period, t, the 
notation is: 

{ 
a,b,c 

t 

= I E dt a,b,c 

The activity-residence time in respiratory compartment c for the nth 

daughter of an inhaled nuclide is: 

tc 

[ 
n 

n 
k=2 

n 
n lj 

£=1 

(29) 

Use of theE notation simplifies the solution of the differential equa-

tions for radionuclide movement in the body and provides a simple and 

efficient method of programming the equations. Using the exact solutions 

to the differential equations eliminates the need for numerical integration 

techniques which can be time consuming and approximate. 

Respiratory Lymphatic System 

Material which clears the pulmonary region through the respiratory 

lymphatic system is held in the lymph nodes for a period of time and, there­

fore, the lymphatic system is used as a source organ. For material in 

clearance classes D and W, f; = 1, so that all material entering the lymph 

system eventually passes to the bloodstream. For Y class material, only 
90% of the material in the lymph nodes clears to the bloodstream. The other 

10% remains in the lymph nodes indefinitely, subject only to radioactive 
decay. The equation for the activity-residence time of the nth daughter of 

an inhaled nuclide in the respiratory lymphatic system is: 
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tc n 

[ AnL(t)dt o 0105 n ({ fn fh \bh. 
ko2 

tc 

where: [ AnL(t)dt 

n n 

fi L: f 
+ (1-fi) 2: rE E s n s 

Sol n kh n mi Sol n kh 
kol m=s ko l 

activity-residence time of the nth daughter 
in the lymph nodes over time period tc 
(wCi-days). 

( 30) 

n 
nmr 

m=s 

In the E notation, subscripts h and refer to pathways h and i while 

subscript r refers to radioactive decay: 

'kh 
0 ~ + .r 

'k 

Ami 0 ,b + / 
1 In 

'mr 
0 { 

m 

A complication arises for 0 and W class material since ~ = ~. Thus, 

evaluating the E terms in Equation (30) using the method of Equation (27) 
would result in an undefined result due to a zero in the denominator. This 

problem can be solved by looking at the definition given for E12 in refer­
ence 17 and working out the special case where 1..

1 
= :> 2 . (lS) The result is: 

( 31 ) 

This value can be used in obtaining any higher order E terms using the form 

of Equation (27). 

Gastrointestinal Tract Model 

The model used by WRAITH for the G. I. tract is a four-compartment 

model. (l 9) The four compartments and their relationship to the respiratory 

tract are illustrated in Figure 2. All material is assumed to enter the 
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G. I. tract via pathways b, d, f and g, all leading to the stomach. The clear­
ance rates for material passing from one G. I. compartment to the next are 
assumed to be independent of the material •s isotopic content and solubility 
class. All material in the stomach is assumed to either pass into the small 
intestine or experience radioactive decay in the stomach. The small intes­
tine is the only segment contributing material to the bloodstream and fln• 
the fraction of nuclide n in the small intestine which is absorbed into the 

bloodstream, is a property of the nuclide. The rest of the material in the 
small intestine either passes to the upper large intestine or decays in the 
small intestine. The only biological clearance path from the upper large 

intestine leads to the lower large intestine, and material leaving the lower 
large intestine is assumed to leave the body. The decay rates for movement 
between G. I. segments are listed in Table 4. 

TABLE 4. G.I. Tract Clearance Rates 

Compartment Material 
Exits 

ST 
SJ 

ULI 
LLI 

Compartment Material 
Enters 

SJ 

ULI 
LLI 

Biological Clearance 
Rate (ct-1) 

24 

6 

1.85 

1.0 

The biological clearance rate for material absorbed from the small intes­
tine into the bloodstream is determined by the fraction of material which 

moves by that path: 

where: 

b 
'(si- ab)n = 

(1-fJn) 
b 
\sr - ab)n 

= biological clearance rate for nuclide n 
absorbed from the small intestine into 
the bloodstream (ct-1) 

- biological clearance rate for material passing 
from the small intestine to the upper large 
intestine (d-1) 

= fraction of nuclide n absorbed from the small 
intestine into the bloodstream. 
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The activity residence times in the four G. I. compartments for the nth 
daughter of an inhaled nuclide follow: 

STOMACH: 

tc 

~ AnsT(t)dt = OI 

0 

n 

L.: 
k=l 

SMALL INTESTINE: 

tc 

f 

n 

n 
k=2 

E • 
n 

m=l 

~ Ansi 
b (t)dt = QI XST 

0 

n n !E 
L.: L.: 
k=l m=k 

UPPER LARGE INTESTINE: 

tc 

~ Anuu ( t)dt Or 
b = "sr 

0 

n n 

L.: L.: 
k=l m=k 

mj 

n 
n 

k=2 

k 

n 
p=l 

b 
'sT 

n 

L.: 
t=m 

m 

L Dcj 
J 

fl pST 
p=K 

( {k fnr Dcj 

m 
pj n qST 

q=K 

b 
fj xj • 

n 
!7 rSI•T 

r-=m 

A (l fnL.: ocj fj 
b 

X • • 
k=2 k J 

J 

!E 
k m t 
n 

Pj 
n qST n rSI· T 

p=l q=k r=m 
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LOWER LARGE INTESTINE: 

tc 

[ 

where: 

AnLu(t)dt = 

2: 
j 

tc 

[ AnsT(t)dt 

tc 

b 
0I 'uu 

Dcj fj 

k 
n pj 
p=l 

b 
'si 

Ab 
J 

m 
n 

q=k 

b 
'sT 

n 
2:: 
k=l 

qST 

n 
n 

k=2 

n 
2:: 
m=k 

t 
n 

r=m 

(lk fn. 

n n 
2:: 2:: 
t=m y=t 

y 
rSI T n vULI 

v=t 

n 
n zLLI 
z=y 

= activity-residence time of the nth 

daughter in the stomach over dose 
commitment time period tc (~Ci-days) 

J Ans 1(t)dt = 
0 

activity-residence time of the nth 
daughter in the small intestine over 

tc ("Ci-days) 

tc J Anuu(t)dt= 
0 

activity-residence time of the nth 
daughter in the upper large intestine 

over tc ("Ci-days) 

tc 

J AnLu(t)dt = 
0 

activity-residence time of the nth 
daughter in the lower large intestine 
ovet' tc ( Ci -days) 

j = the jth pathway from the respiratory 

tract, including pathways b, d, f and g 
= the lung deposition fraction in the 

compartment which includes pathway j 

= the biological decay constant for pathway j 
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~T 
b 
'si 
b 
'uu 
b 
'LLI 

= the biological decay constants for 
clearance from each G.I. compartment 
to the next compartment. 

Each E term is integrated over time period tc. 
following decay constants: 

The E terms use the . 

\ . = \b + { 
mJ J m 

b { 'psT = 'sT + p 

'rs1 T = 

'vULI = 

'zLLI 
= 

Other Source Organs 

Three body compartments outside the respiratory system, G.l. tract and 
respiratory lymphatic system are treated as source organs: red bone marrow, 
liver, and "other". All material reaching each of these organs is assumed 
to come from the bloodstream. Three types of pathways lead from the respira­
tory system to the bloodstream: direct pathways (a, c, e); pathways through 
the G.!. tract (b, d, f, g); and a pathway through the lymphatic system (h). 

Material is assumed to move through the bloodstream instantaneously, but 
several different biological half times can be used to describe the clear­
ance of a nuclide from an organ. Thus, a nuc1ide 1 s activity in an organ can 
be described by a multiple exponential retention fraction: 

Ano (t) = Ano (0) I:~ Cnow exp (·'now t) ( 37) 
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where: Ana ( t) 

Ana (0) 

= activity of nuclide in organ oat timet~ (~Ci) 

= activity of nuclide n in organ o at time 0, (f.!Ci) 
Wno = number of terms of nuclide n 1 s retention function 

for organ o 

Cnow = wth coefficient of the retention function for 
nuclide n in organ o 

Anow = wth decay constant for nuclide n in organ a, 
( d-1 ) 

In many cases. the coefficients for a retention function are all positive and 
sum to one. In these cases, the coefficients can be viewed as allocating 
fractions, determining the fractional quantity of a nuclide clearing the 
organ by the coefficient 1 s associated decay constant. In other cases, how­
ever, some coefficients are negative and the sum may be different than one. 

For all organs, material leaving the organ is assumed to simultaneously leave 
the body, Any daughters of ar. inhaled nuclide are considered to be indepen­
dent of their parent after entering the bloodstream. Thus, a daughterls own 

retention function and other metabolic parameters are used for each of the 

organs. 

In calculating the movement of material passing through the G. I. tract 
to other organs, the material is assumed to experience no delay in the G. I. 
tract. Since clearance half-times are one hour for the stomach and about 
four hours for the small intestine, this delay is negligible with respect to 
a 50-year dose commitment time period. With this assumption, the equations 
for the activity-residence times of material in other organs all follow the 
same format for pathways (a) through (g): 
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tc 

f 
0 

where: 

0 

n g 

Ana (t)dt or n ~r fr) )' Dcj fj 
b 

= Aj 
k=2 k k ~ 

J=a 

Zno 

L: Cnozn { F~ JE n 
Zn=l - a tj ,nozn t=l 

Z(n-l)o { b f. 1 
+ L C(n-l)OZ(n-1) F(n-1) E ~ tj,(n-1) OZn 

Z(n-1)=1 t-1 

Zso 

+ ... + L: 
Zs=l 

Zzo 

+ ... + L Czozz 

Zz=r 
(

bf 
F2 E!j ,2j. 

n 

n 
fl UOZu 
u=s 

fl Uozu 
u=2 

(t)dt = activity-residence time of the nth daughter in organ a 
over time period tc. 

= contribution to the activity-residence time of the nth 
dauqhter in organ o by the material passing through the 
lymph system. 
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F~ = {t20 ; for pathways a, c, and e. 

1 t 20 ; · t 1; for pathways b, d, f, and g. 

t 20 ;= fraction of the ith nuclide transferred from the bloodstream 
to organ a. 

Material moving via pathway h to an organ is held up in one more com­

partment than material moving via the other seven pathways. Thus the equa­

tion for this pathway is somewhat more complex than equation (38): 

fA Q" fr,r D f'b f'b 
noh = I ,[!2 k"k 5 h"h i"i 

z 
f. q n (n-1)o 

zno 

I: 
Z =I 
n 

+ L: c E nth n u;, nozn (n-1 )oz(n-1) 
t=1b u=q z(n-1)=1 

th 

IE o n-1 
nth nu;, (n-1 )oz(n-1 )' nozn + . . . . . 
t=1 u=q 

(f2o5 

s IE 
L: 0 ' n + . . . + 

iJ1th n u· n VOZ 
q=1 

u=q , v=s v 

2 

L: 
q=l 

31 

{ f 2o(n-l) ~ 
z,o 

. I: csozs 
zs=1 

z2o 
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THYROID: 

For certain nuclides, the thryoid is treated as a tenth source organ. 
Equations (38) and (39) are used to calculate the activity-residence times 
of the nuclides in the thyroid. The thyroid calculations 

for the radioisotopes of iodine and the iodine daughters. 
is not generally considered as a source organ. 

are performed only 

Thus the thyroid 

In situations where a radionuclide's daughter is an isotope of a noble 
gas, the noble gas nuclides produced in an organ by radioac~ive decay are 
assumed to clear that organ with a two-hour half life. None of the noble gas 
radionuclides are considered to be transferred to an organ without such 
decay, howev2r. Thus f

201 
= 0 for all organs o when i is an isotope of a 

noble gas. 

Internal Doses Calculated Using Dose Factors 

For a number of nuclides, the Task Group Lung Model is a poor model for 
describing the movement of inhaled radionuclides. Since isotopes of noble 
gases enter the lungs as a gas, they are not attached to individual particles. 
Thus the model for the respiratory system cannot be used to determine deposi­
tion fr(l.Ctions for the three compartments or allocation fractions for the 
eight clearance pathways. WRAITH calculates internal doses due to inhaled 
noble gases by assuming that the lungs are filled with the noble gas at the 
same concentration as it occurs in the air outside the body. The noble gas 
experiences no movement from the lungs to any other part of the body. 

(40) 

where: 
. 
Dcn(t) = dose rate to the lung from nuclide n (rad/s) 

vc = vital capacity of the lung (m3) 

m, = mass of the lungs (g) 

• = energy/disintegration deposited in the lungs (MeV/dis) 
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Integrating the dose rate over the time of the release gives the total dose 
to the lungs: 

where: 

D2n = 2.371x10-3< En(r) 
( 41 ) 

= time-integrated air concentration of nuclide n in the air 
at the dose point (Ci · s/m3) 

= inhalation dose factor for nuclide n, to the lung 
(rad · m3;ci. s) 

Since contaminated air in the lungs would act as a source organ 
irradiating other target organs. doses to the other target organs can be 
calculated by using appropriate dose factors. The dose factor for dose to 
another organ can be found by adjusting the lung dose factor by the ratio of 

the appropriate S-factors. 
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COMPUTER PROGRAM 

WRAITH is a computer program written in ASCII FORTRAN for the UNIVAC 
1100/44. The code is designed to be run interactively from a demond terminal, 
with a detailed output routed to a high-speed printer. Running the program 

requires about 72K words of core on the UNIVAC. A simple WRAITH case will 
require less than 10 seconds of execution time on the UNIVAC, but the more 
time-consuming options could require execution times of 30 or 40 seconds per 
range. 

PROGRAM STRUCTURE 

WRAITH contains a main program, 16 subroutines and five functions. Most 
of the calculations are performed in the subroutines. The main program con­
trols the program execution, calling the subroutines in the appropriate order. 

There is only one common block, so that data is transferred between subroutines, 
' program main, and functions through the common block, through function or 

subroutine arguments, or using both means. Figure 3 is an illustration of the 
subroutines and functions in WRAITH, and it shows the relationships between 

the units. A vertical line connecting program units indicates that the lower 
unit is called by the upper unit. A listing of the computer code is presented 
in Appendix A. Appendix 8 is a dictionary of the variables in the common block. 

DESCRIPTION OF SUBROUTINES 

MAIN reads data from the interactive terminal, calls subroutines and 
prints much of the output. MAIN performs some of the calculations, but most 
calculations are performed in other subroutines. MAIN prints out the Q.A. 
page, nuclide decay chain data, lung deposition fractions, external dose table, 
activity-residence time tables, cross-organ dose tables and summed dose tables. 

SECOND is a system-supplied subroutine to display the run's execution 

ti~. 

DATE is a system-supplied subroutine to display the date of the run. 

TIME is a system-supplied subroutine to display the time of day of the 

run. 
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FIGURE 3. Program Structure of WRAITH 
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BANRF is a system-supplied subroutine to print the banner on the title 
page. Function PICTUR is called by BANRF. 

NUCLIB reads data from the radionuclide data library on logical unit 10. 
It identifies radionuclides requested by the run, and selects all daughters of 

the requested nuclides, and stores all necessary half lives. 

ORGLIB reads organ data from logical unit 12 for all requested nuclides 
and their daughters. It also reads submersion dose factors, 5-factors, and 
inhalation dose factors from logical unit 14. ORGLIB prints out tables of 
organ data, S-factors and inhalation dose factors. 

SFACTR is called by ORGLIB to calculate some of the low-LETS-factors. 

DEPLET calculates plume depletion by dry deposition. It calculates the 
fraction of material remaining in the plume at each distance {not considering 
the effect of radioactive decay). 

PASSQ controls the atmospheric dispersion calculation. It calculates 

E/Q for each distance, and prints the atmospheric calculation summary table. 

SIGYZ is called by PASSQ. It interpolates stored data to calculate 
oy and oz. It also calculates plume rise correction factors. 

OEP calculates the lung deposition fractions 03, o4, and o5. 

EXDOSE controls the external dose calculation. It selects the appro­
priate type of external dose factor for each range, then prints the table of 
external dose factors. 

EXTRN is called by EXDOSE. EXTRN calculates external dose factors for 
overhead plumes and plumes of finite dimensions. It calls SIGYZ to get the 
necessary values of oy and oz. It also uses function FINT. 

ACHAIN calculates the radioactive decay of the nuclides in the release 

during the time of transit from the release point to the dose point. It calls 
functions ASUM and SUMPRD. 

ACTINT calculates activity-residence times. It finds these values for 

the lungs; respiratory lymph; the organs "other," red marrow, and liver; and 
the four G. I. compartments. There are separate activity-residence time 
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calculations for requested nuclides and for daughters of requested nuclides. 
The activity-residence times in the thyroid are also calculated for iodine 
nuclides and daughters. ACTINT calls function RECEXP to evaluate the "E" terms 
which occur in equations (28} through (39}. 

XORGAN multiples activity-residence times by S-factors to get cross-organ 
dose commitments. It also multiplies inhalation dose factors by nuclide 
concentrations in the air to get inhalation doses for noble gases. All contri­

butions to the dose for each organ are summed up to give the summed doses to 
each organ. 

DATA LIBRARIES 

Three libraries contain data used by WRAITH: NUCDAT, the nuclide data 
library; ORGDAT, the organ data library; and SFACTR, the library of S-factors 
and inhalation and external dose factors. 

Nuclide Data Library 

NUCDAT contains radioactive half lives and decay chain data for all 

nuclides. It contains two sections, one for all nuclides, and one for nuclides 
used in the thyroid calculation. In the first section, there is one line of 
data for each nuclide, containing the following: 

Columns Format 

1-2 A2 
3-8 A6 
9-18 E1 0.4 

19-20 12 
21-22 12 
23-29 F7.4 
30-31 12 
32-38 F7.4 

Variable 

Element abbreviation 
Atomic mass number, and "M" if isomeric state 
Radioactive half life (days} 
Chain member identification number 
Identification number of first parent 
Fraction of first parent decays which produce this nuclide 
Identification number of second parent 
Fraction of second parent decays which produce this nuclide 

Following the last nuclide's entry is a line with a zero in column 20. 

The second section of the nuclide data library contains information on 

the iodine isotopes and their daughters, used in the thyroid calculation. The 
format of each line is identical to the nuclide entries in the previous sec­
tion, except for the chain member identification. The ID numbers in the 

thyroid section run from 1 to 13 and are not reset to 1 at the beginhing of 
each decay chain. 
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The final line of the nuclide data file has a number less than zero in 
columns 9-18. 

Organ Data Library 

ORGDAT contains data describing the movement of radionuclides in the 
body. This library also contains two sections, one for all nuclides and the 

other for only iodine and iodine daughters in the thyroid. 

The first line of the organ data library contains the title (Format Al28). 

For each nuclide there are at least seven lines of data: 

Line 1: 
Column 

l-2 
3-8 

9 
l 0-14 
15-19 
20-24 
25-29 
30-39 

40-49 
50-59 
60-69 

Line 2: 

Format 
A2 
A6 
Al 
!5 
!5 
!5 
!5 
El 0.4 

El0.4 
El 0. 4 
El0.4 

Variable 
Element abbreviation 
Atomic mass number and 11 W for isomeric state 
Clearance class for this data ("0 11

, 
11 W", "Y", or 11 A" for all) 

Number of gammas listed 
Number of tenns in retention function for the organ "other 11 

Number of tenns in retention function for red marrow 
Number of terms in retention function for liver 
f1, the fraction absorbed from the small intest1ne into the 
bloodstream 
f2, the fraction 
f2, the fraction 
f2, the fraction 

absorbed 
absorbed 
absorbed 

from 
from 
from 

the 
the 
the 

bloodstream to 
b 1 oods tream to 
bloodstream to 

"other" 
red marrow 
liver 

Column Format Variable 
l-10 

ll-20 

21-30 

31-40 

41-50 

51-60 

El0.4 Biological half life for first tenn of retention function for 
"other" (days) 

El0.4 Biological half life for second term of retention function 
for "other" (days) 

El0.4 Biological half life for third term of retention function 
for "other" (days) 

El0.4 Biological half life for fourth term of retention function 
for "other" (days) 

El0.4 Biological half life for fifth term of retention function 
for "other'' (days) 

E10.4 Biological half life for sixth term of retention function 
for "other" (days) 
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Line 3: 

Column Format Variable 

l-10 El 0. 4 Fractional coefficient for first term of retention function 
for "other" 

ll-20 El0.4 Fractional coefficient for second term of retention function 
for "other" 

21-30 El 0.4 Fractional coefficient for third term of retention function 
for "other" 

31-40 El 0. 4 Fractional coefficient for fourth term of retention function 
for "other" 

41-50 El 0. 4 Fractional coefficient for fifth term of retention function 
for "other" 

51-60 El 0.4 Fraction a 1 coefficient for sixt~ ~erm of retention function 
for "other" 

Line 4: 
Biological half lives for retention function for red marrow (format 

identical to line 2). 

Line 5: 
Fractional coefficients for retention functions for red marrow (format 

identical to line 3). 

Line 6: 
Biological half lives for retention function for liver (format identical 

to line 2). 

Line 7: 

Fractional coefficients for retention function for liver (format identi­
caltoline3). 

Line 8: (if necessary) 

Column 

1- l 0 
ll-20 
21-30 
31-40 
41-50 
51-60 
61-70 
71-80 
81-90 
91-100 

Fonnat 

El0.4 
El 0.4 
El 0. 4 
El0.4 
El0.4 
El 0. 4 
El0.4 
El 0. 4 
El0.4 
El0.4 

Variable 

Energy of first gamma (MeV) 
Fractional yield of first gamma 
Energy of second gamma (MeV) 
Fractional yield of second gamma 
Energy of third gamma (MeV) 
Fractional yield of third gamma 
Energy of fourth gamma (MeV) 
Fractional yield of fourth gamma 
Energy of fifth gamma (MeV) 
Fractional yield of fifth gamma 
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Lines 9-27: (H necessary) 

Energies and fractional yields for all remaining gammas are entered here. 
in formats identical to line 8. The total number of garrmas entered is indi­
cated in the first line of the nuclide 1 s organ data entry. This number may be 
as high as 200. 

Follo1.,ring organ data tor the last nuclide, there is a negative integer 
in columns i0-14. 

The second section contains biological data for the thyroid, The first 
line of this section is a title. 

Line 2: 

Column 
l-5 
6- l 0 

ll- 15 
16-20 
21-30 

Line 3: 

Column 
l-10 

ll- 20 

21-60 

Line 4: 

Column 
l-10 

ll-20 

21-60 

Line 5: 

Format 
I5 
PI 
I:J 
I5 
El0.4 

Format ---
El 0. 4 

El 0. 4 

4El0.4 

Format 
El 0. 4 

El0.4 

4El0.4 

Variable 
Number of terms in retention function for I in thyroid 
Number of terms in retention function for Xe in thyroid 
Number of terms in retention function for Xe in thyroid 
Number of terms in retention function for Cs in thyroid 
Fraction of iodine absorbed from the bloodstream to the 
thyroid 

Variable 
Biological half life for first term of retention function 
for I in thyroid (days) 
Biological half life for second term of retention function 
for I in thyroid (days) 
Could be used for successive terms if the retention function 
were modified 

Variable 
Fractional coefficient for first term of retention function 
for I in thyroid 
Fractional coefficient for second term of retention function 
tor I· in thyroid 
Could be used for successive terms if the retention function 
were modified 

Biological half lives for the retention function for Xe in the thyroid 

(format identical to line 3). 
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Line 6: 
Fractional coefficients for the retention function for Xe in the thyroid 

(format identical to line 4}. 

Line 7 and 8 are identical to lines 5 and 6, since some iodine isotopes have 
two xenon daughters. 

Line 9: 

Biological half lives for the retention function for Cs in the thyroid 
(format identical to line 3}. 

Line 10: 

Fractional coefficients for the retention function for Cs in the thyroid 
(format identical to line 4}. 

The final line of the organ data library has a negative integer in 
columns 9-15. 

S-Factor Data Library 

SFACTR contains S-factors, external dose factors, and inhalation dose 

factors for noble gases. There are three sections to S-factor: one for all 

nuclides, one for S-factors with thyroid as the source organ, and one for 
noble gas inhalation dose factors. 

The first line is the library title, format Al28. 

For each nuclide, Section 1 contains three lines: 

Line l : 
Column Fonnat 

l-2 A2 
3-8 A6 
9-18 El 0. 4 

19-28 El0.4 
29-38 El 0. 4 
39-48 El 0. 4 
49-58 El 0. 4 
59-68 El 0. 4 
69-78 El 0. 4 

Variable 

Element abbr~viation 
Atomic mass number and "M" for isomeric state 
External dose factor fer five-centimeter depth dose 
(mrad· m3/pCi- hr} 
High LET $-factor for [Total Body+ Other] (rads/"Ci-day} 
High-LET $-factor for [Red Marrow+ Red Marrow] (rads/"Ci-day} 
High-LET $-factor for [Lung+ Lung] (rads/"Ci-day} 
Low-LET $-factor for [Total Body + Other] (rads/"Ci-day} 
Low-LET $-factor for [Red Marrow + Red Marrow] (rads/"Ci-day} 
Low-LET $-factor for [Lung + Lung] (rads/"Ci-day} 
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Line 2: 

Column Format Variable 
1-10 El0.4 High-LET S-factor for [Tota 1 Body + Red Marrow] (rads/"Ci-day) 

11-20 El 0. 4 High-LET S-factor for [Total Body + Lungs] (rads/"Ci-day) 
21-30 El 0.4 High-LET S-factor for [Tota 1 Body+ Liver] (rads/"Ci-day) 
31-40 El0.4 High-LET S-factor for [Total Body+ Stomach] (rads/"Ci-day) 
41-50 El0.4 High-LET S-factor for 

( rads/"Ci-day) 
[Tota 1 Body + Sma 11 Intestine] 

51-60 El0.4 High-LET S-factor for 
(rads/"Ci -day) 

[Total Body + Upper Large Intestine] 

61-70 El 0. 4 High-LET $-factor for 
(rads/"Ci-day) 

[Tota 1 Body + Lower Large Intestine] 

71-80 El 0.4 High-LET $-factor for 
(rads/"Ci-day) 

[Total Body + Respiratory Lymph Nodes] 

Line 3: 

Column Format Variable 
1-10 El0.4 Low-LET S-f actor for [Tota 1 Body+ Red Marrow] (rads/"Ci-day) 

1 1-20 El 0.4 Low-LET S-factor for [Total Body+ Lungs] (rads/"Ci-day) 
21-30 El 0.4 Low-LET S-factor for [Total Body+ Liver] (rads/"Ci-day) 
31-40 El 0.4 Low-LET S-factor for [Total Body+ Stomach] (rads/"Ci-day) 
41-50 El0.4 Low-LET S-factor for [Total Body + Sma 11 Intestine] 

(rads/"Ci-day) 
51-60 El0.4 Low-LET S-factor for [Total Body + Upper Large Intestine] 

( rads/"Ci -day) 
61-70 El0.4 Low-LET S-factor for [Tota 1 Body + Lower Large Intestine] 

(rads/"Ci-day) 
71-80 El0.4 Low-LET S-factor for [Tota 1 Body + Respiratory Lymph Nodes] 

(rads/"Ci/day) 
81-90 El0.4 Low-LET S-factor for [Lungs + Respiratory Lymph Nodes] 

(radsh.tCi-day) 

Following the last nuclide 1 s data is a line containing a negative number 

in columns 9-18. 

The second section contains a title in the f.irst line. Following the 
title there is one line for each iodine isotope and iodine daughter: 

Column Format 

1-2 A2 
3-8 A6 
9-18 El 0.4 

19-28 El 0.4 
29-38 El0.4 

Variable 

Element abbreviation 
Atomic mass number and "M" for isomeric state 
Low-LET S-factor for [Total Body + Thyroid] (rads/"Ci-day) 
Low-LET S-factor for [Red Marrow + Thyroid] (rads/"Ci-day) 
Low-LETS-factor for [Lungs+ Thyroid] (rads/"Ci-day) 
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The last line in the second section contains a negative number in 
columns 9-18. 

The third section contains a title in the first line. Following the 
title there is one line for each noble gas nuclide: 

Column Format 

l-2 A2 
3-8 A6 
9-18 El0.4 

19-28 El 0.4 

29-38 El D. 4 
39-48 El 0. 4 
49-58 El0.4 
59-68 El0.4 

Following 
columns 9-18. 

Variable 

Element abbreviation 
Atomic mass number and 11 M" for isomeric state 
High-L~T inhalation dose factor for total body 
(rad m /Ci sec) 
High-L3T inhalation dose factor for red marrow 
(rad m /Ci sec) 
High-LET inhalation dose factor for lungs (rad) 
Low-LET inhalation dose factor for total body (rad) 
Low-LET inhalation dose factor for red marrow (rad) 
Low-LET inhalation dose factor for lungs (rad) 

the third section is a line containing a negative number in 

Status of Nuclides in Data Libraries 

Table 5 lists the current status of the data libraries used in WRAITH. 

For each nuclide, the table lists the reference source for the data in each 
library. The nuclides are identified by the notation which appears in the 
data libraries, and this notation should be used in WRAITH runs. The entry 
11 N11 under organ data source indicates that the nuclide is a noble gas, with 
two-hour clearance half lives used for any organ in which it is proauced by a 
parent. Nuclides are grouped by decay chains. Generally, calculations can 
give complete results only when all data is available for the nuclide and 
all its daughters (daughters are those nuclides listed ·below the parent in a 
group). "N/A" indicates that the necessary data is not listed in any of the 
references used in this table. 

A complete listing of the three data libaries used by WRAITH is in 

Appendix C. 
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TABLE 5. Status of WRAITH Data Libraries 

Reference for Reference for 
Nuclide and Reference for Reference for Nuclide and Reference for Reference for 
Gamma Data Organ Data S-f actors Gamma Data ___Q.!J!_ a n Da t a S-factors 

H 3 20 21 11 M093 20 22 IJA 
BEl 0 20 21 N/A TClOl 20 22 N/A 
c 14 20 21 11 P0107 20 21 N/A 
N 13 20 21 11 AG111 20 21 11 
F 18 20 21 11 C0 113M 20 21 N/A 
NA22 20 22 11 SN117M 23 21 N/A 
NA24 20 22 11 SN119M 23 21 N/A 
p 32 20 22 11 SN121M 23 21 N/A 
p 33 23 21 N/A SN123 23 21 N/A 
AR39 23 N N/A SB124 20 22 11 
AR41 20 N N/A TEl 23M 23 22 N/A 
CA41 20 21 N/A I 130 20 22 11 
SC46 20 21 11 CS136 20 22 11 .. CR51 20 21 11 PM149 20 22 11 .. MN54 20 22 11 SM153 20 22 11 
MN56 20 22 11 EU152 20 21 N/A 
FE 55 20 22 11 EU154 20 21 11 
FE 59 20 22 11 EU155 20 21 11 
C0 57 20 22 22 EU156 20 21 N/A 
C0 58 20 22 11 G0153 23 21 11 
C060 20 22 11 TB160 20 21 11 
Nl59 20 21 11 H0166M 20 21 N/A 
NI63 20 21 11 w 181 20 21 N/A 
NI65 20 21 11 w 185 20 21 N/A 
CU64 20 21 11 u 234 20 21 12 
ZN65 20 22 11 u 236 20 21 12 
AS76 23 21 11 PU236 20 21 N/A 
SE79 20 21 N/A PU237 23 21 N/A 
BR82 20 21 11 CM246 20 21 N/A 
BR84 20 21 N/A CM248 20 21 12 
KR90 20 N N/A CF252 20 21 12 
KR91 23 N N/A 
RB86 20 22 11 



TABLE 5. (Contd.) 

Reference for Reference for 
Nuclide and Reference far Reference for Nuclide and Reference for Reference for 
Gamma Data Organ Data S-f actors Gamma Data Organ Data S-f actors 

ZN69M 20 22 ll y 93 20 22 ll 
ZN69 20 22 ll ZR93 20 22 ll 

NB93M 20 22 ll 
BR83 20 21 N/A 
KR83M 20 N N/A ZR95 20 22 ll 

NB95M 20 22 ll 
BR85 20 21 N/A NB95 20 22 ll 
KR85M 20 N N/A 
KR85 20 N N/A ZR97 20 22 ll 

NB97M 20 22 11 
KR87 20 N N/A NB97 20 22 ll 
RB87 20 22 11 

M099 20 22 22 

""' KR88 20 N N/ A TC99M 20 22 ll 
~ R888 20 22 N/A TC99 20 22 ll 

KR89 20 N N/A RU103 20 22 ll 
RB89 20 22 N/A RH103M 20 22 ll 
SR89 20 22 ll 
Y 89M 23 22 N/A RU105 20 22 ll 

RU1 05M 20 22 11 
SR90 20 22 12 RH105 20 22 ll 
y 90 20 22 12 
Y 90M 20 22 ll RU106 20 22 ll 

RH106 20 22 ll 
SR91 20 22 ll 
Y 91M 20 22 ll PD109M 23 21 N/A 
y 91 20 22 ll PD109 20 21 ll 

AG109M 20 21 ll 
SR92 20 22 ll 
y 92 20 22 ll AGll OM 20 21 N/A 

AGllO 20 21 N/A 



TABLE 5. (Contd.) 

Reference for Reference for 
Nuclide and Reference for Reference for Nuclide and Reference for Reference for 
Gamma Data Or_g_an Data 5-factors Gamma Data Organ Date S-f actors 

IN114M 23 21 11 TE133M 20 22 N/A 
IN114 23 21 11 TE133 20 22 N/A 

I 133 20 22 11&22 
CD 115M 20 21 11 XE133M 20 N 22 
CD115 20 21 ll XE133 20 N 22 
IN 115M 20 21 11 
INll5 20 21 11 TE134 20 22 N/A 

I 134 20 22 11&22 
5N125 20 21 N/A 
58125 20 22 N/A C5134M 20 22 N/A 
TE125M 20 22 11 C5134 20 22 11 &22 

5N126 20 21 N/A I 135 20 22 11 &22 
.,. 58 126M 20 22 N/A XE135M 20 N 22 
~ 58126 20 22 N/A XE135 20 N 22 

C5135 20 22 11 &22 
58127 20 22 22 
TE127M 20 22 11 XE137 20 N N/A 
TE127 20 22 11 C5137 20 22 11 

BA137M 20 22 11 
TE129M 20 22 11 
TE129 20 22 11 XE138 20 N N/A 
I 129 20 22 11 &22 C5138 20 22 N/A 

TE131M 20 22 11 XE139 23 N N/A 
TEl31 20 22 11 C5139 20 22 N/A 
I 131 20 22 11 &22 BA139 20 22 N/A 
XE131M 20 N N/A 

XE140 23 N N/A 
TE132 20 22 ll C5140 23 22 N/A 
I 132 20 22 11 &22 BA140 20 22 ll 

LA140 20 22 ll 



TABLE 5. (Contd.) 

Reference for Reference for 
Nuclide and Refere:1ce for Reference for Nuclide and Reference for Reference for 
Gamma Data Organ Data S-factors Gamma Data ~an Data $-factors 

BA141 20 22 N/A u 232 20 21 N/A 
LA141 20 22 N/A TH232 20 21 1 2 
CE1 41 20 22 , RA228 20 21 1 2 

AC228 20 21 1 2 
BA142 20 22 N/A TH228 20 21 1 2 
LA142 20 22 N/A RA224 20 21 1 2 

PB212 20 21 12 
CE143 20 22 , 8!212 20 21 12 
PR143 20 22 , 

u 235 20 21 12 
CE144 20 22 , TH231 20 21 1 2 
PR144 20 22 , PA231 20 21 12 
ND144 23 22 N/A AC227 20 21 N/A ... TH227 20 21 N/A ~ 

ND147 20 22 , FR223 20 21 N/A 
PM147 20 22 , RA223 20 21 N/A 

PM148M 20 22 N/A u 237 20 21 N/A 
PM148 20 22 N/A NP237 20 21 12 

PA233 20 21 1 2 
PM1 51 20 22 N/A u 233 20 21 12 
SM1 51 20 22 , TH229 20 21 N/A 

RA225 20 21 N/A 
w 187 20 21 N/A AC225 20 21 N/A 
RE187 20 21 N/A 

u 238 20 21 12 
TH230 20 21 12 TH234 20 21 12 
RA226 20 21 12 PA234M 20 21 12 
RN222 20 N 12 PA234 20 21 12 
PB21 0 20 21 1 2 
8!210 20 21 12 
P0210 20 21 12 



TABLE 5. (Contd.) 

Reference for Reference for 
Nuclide and Reference for Reference for Nuclide and Reference for Reference for 
Gamma Data Organ Data S-factors Gamma Data ____Qrg_a n Data S-factors 

AM 242M 20 24 N/A CM247 20 21 N/A 
AM242 20 24 12 CM243 20 21 N/A 
CM242 20 21 12 PU243 20 24 N/A 
PU242 20 24 12 AM243 20 24 N/A ... NP238 20 21 12 NP239 20 21 12 co 
PU238 20 24 12 PU239 20 24 12 

CM244 20 21 12 CM245 20 21 N/A 
PU244 20 24 12 PU241 20 24 12 
u 240 20 21 12 AM241 20 24 12 
PU240 20 24 12 



PROGRAM EXECUTION 

WRAITH was written to be run from an interactive terminal on the UNIVAC 
1100/44. The user assigns data and program files and begins execution from a 
remote terminal. After program execution is initiated, the user types in 
responses to prompting messages printed by the program. This input from the 
terminal directs the program to choose the appropriate options, and it pro­

vides the job-specific data needed in the calculations. At the end of program 
execution, a summary of the calculated doses is printed at the terminal, and 
the detailed output can be routed to a high-speed line printer. 

Appendix D contains a detailed description of the user input. This 

appendix is intended to be sufficiently detailed to be a self-contained unit. 
Appendix D also contains a description of the required control cards and a 
description of the output. 
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LISTING OF CODE SOURCE DECK 

NOTE: Text appears in microfiche form at end of report. 
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ALAMB(200, 3, 6) 
(NUC,IO,!C) 

ALAMDA(200) 
(NUC) 

ALBTHY(4, 6) 
(IE,IC) 

ALRTHY(l3) 
(LTHY) 

AW(200) 
(NUC) 

BOA REA 

BRATE 

BURDN(9, 200) 
(IO,NUC) 

COELM(200, 3, 6) 
(NUC,IO,IC) 

COETHY(4, 6) 
(IE, !C) 

03 

04 

05 

OAT 

DC(3) 
(10) 

APPENDIX B 

DICTIONARY OF VARIABLES IN COMMON 

= Biological decay constant for nuclide NUC for the 
ICth term of the retention function of organ IO 

= Radiological decay constant for nuclide NUC 

= Biological decay constant for the ICth term of the 
retention function in the thyroid for element IE 

= Radiological decay constant for the LTHYth nuclide 
used in the thyroid calculations 

= Atomic mass number (plus isomeric state, if any) of 
nuclide NUC 

= Cross-sectional area of building for a ground-level 
release 

= Ventilation rate 

= Activity-residence time of nuclide NUC in organ IO 

= Coefficient for term IC of the retention function 
of nuclide NUC in organ 10 

= Coefficient for term IC of the retention function 
of element IE in the thyroid 

= Fraction of particles deposited in N-P region of 
respiratory tract 

= Fraction of particles deposited in T-8 region of 
respiratory tract 

= Fraction of particles deposited in P region of 
respiratory tract 

= Date of WRAITH run 

= Surrmed low-LET dose commitment to organ 10 
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DCFAH(3, 200, 2) 
(IO,NUC,LET) 

DCHI(3) 
( 10) 

DELH(lO) 
( 10) 

DIASTK 

DOSTIM 

ELT(200) 
(NUC) 

EOQ(lO) 
( !R) 

EXDOSF(l0,200) 
(IR,NUC) 

Fl (3, 200) 
(IS,NUC) 

F2(3, 200) 
(IO,NUC) 

FRC2CH(200) 
(NUC) 

FRCTCH(200) 
(NUC) 

H 

H!OOSE(ll, 200) 
(IOP,NUC) 

HISF(ll, 200) 
(IOP,NUC) 

ICHN(200) 
(NUC) 

!PAGE 

JXCAL(lO) 
(IR) 

= Inhalation dose factor to organ IO from (high- or 
low-)LET radiation due to noble gas isotope NUC 

= Summed high-LET dose committment to organ 10 

= Plume rise correction factor at range IR 

= Stack diameter for plume rise correction 

= Time period over which dose commitment is calculated 

= Element abbreviation for nuclide NUC 

= Time-integrated X/Q for range IR 

= External dose factor for nuclide NUC at range 
IR. Also--external dose due to nuclide NUC at 
range IR 

= Fraction of nuclide NUC transferred from small 
intestine to bloodstream for solubility class IS 

= Fraction of nuclide NUC transferred from blood­
stream to organ 10 

= Fraction of nuclide NUCs second parent decaying 
to form NUC 

= Fraction of nuclide NUC's first parent decaying 
to form NUC 

= Release height 

= High-LET dose commitment for nuclide NUC, 
source-organ/target-organ pair lOP 

= High-LETS-factor for nuclide NUC, source-organ/ 
target-organ pair lOP 

= Number of nuclides in a decay chain (NUC = re­
quested nuclide); or code containing chain 
information for daughter nuclide NUC 

= Page number of line printer output 

= Flag indicating external dose calculation option 
at range IR 
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LB(200, 3) 
(NUC,IO) 

LBTHY(4) 
(I E) 

LTHY(200) 
(NUC) 

LTPl (13) 
(LTHY) 

LTP2(l3) 

NUCDUP(200) 
(NUC) 

Q(200) 
(NUC) 

QHSTK 

R( l 0) 
(IR) 

SFACT(9, 3, 200) 
( IS,IT ,NUC) 

SFTHY(3, 13) 
(IT,LTHY) 

SOLCLS(200) 
(NUC) 

TAIR 

THFRl (13) 
(LTHY) 

THFR2(13) 
( L THY) 

THYBUR(l3) 
(LTHY) 

THYDOS(3, 13) 
(IT, LTHY) 

= Number of terms in retention function for nuclide 
NUC in organ IO 

= Number of terms in retention function for element 
IE in thyroid 

= Code to identify nuclide NUC as an iodine isotope 
or daughter 

= Code to identify first parent of iodine isotope or 
daughter LTHY 

= Code to identify second parent of iodine isotope 
or daughter LTHY 

= Code to identify any nuclide, NUC, which is both 
a requested nuclide and the daughter of another 
requested nuclide 

= Quantity of nuclide, NUC, in the air at any range 

= Heat rate of gases leaving the stack 

= Range IR (or the release point to dose point 
distance) 

= Low-LETS-factor for nuclide NUC residing in source 
organ IS, irradiating target organ IT 

= Low-LET 5-factor for nuclide LTHY residing in the 
thyroid, irradiating target organ IT 

= Code to identify the percentage of nuclide NUC in 
each solubility class 

= Air temperature for plume rise correction 

= Fraction of first parent of iodine daughter LTHY 
which decays into LTHY 

= Fraction of second parent of iodine daughter LTHY 
which decays into LTHY 

= Activity-residence time of nuclide LTHY in the 
thyroid 

= Dose from nuclide LTHY residing in the thyroid to 
target organ IT 
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THYF2 

TIM 

TITLJ 

TMPGRD 

TOTDOS(lO, 3, 2) 

TSTACK 

UBAR 

VELSTK 

VOLSTK 

(IS,IT,LET) 

XDFLIB(200) 
(NUC) 

XDOSE(9, 3, 200) 
(IS,IT,NUC) 

= Fraction of iodine transferred from bloodstream to 
thyroid 

= Time of day job is run 

= Title of job 

= Temperature gradient in air for plume rise 
correction 

= Summed cross-organ dose for high- or low-LET 
radiation from material residing in source organ 
IS irradiating target organ IT 

= Temperature of effluent coming out of the stack 

= Average wind speed at height of stack for elevated 
release, or at 10 meter elevation for ground-level 
release 

= Velocity of effluent coming out of the stack 

= Volume flow rate of effluent coming out of the 
stack 

= External dose factor for nuclide NUC from data 
1 ibrary 

= Low-LET cross-organ doses for nuclide NUC residing 
in source organ IS irradiating target organ IT 
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LISTING OF DATA LIBRARIES 

Line Printer Output for Sample Run 2 

NOTE: Text appears in microfiche form at end of report. 
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APPENDIX D 

WRAITH EXECUTION 

WRAITH is designed to be run on the UNIVAC 1100/44, from an interactive 

terminal. Input data files are assigned at the terminal, data defining the 

specific case are entered by the user at the terminal, and a brief summary of 

the calculated results are printed at the terminal. A detailed output is pro­

duced in a file which may be printed automatically at the main line printer, 

or routed to any other printer. 

This appendix is partly intended for the user who is unfamiliar with 

WRAITH, and has not carefully read the sections of this document describing the 

mathematical models and the computer program. Thus it includes many explana­

tions which duplicate discussions in those sections. ThF' user 1·1ho is more 

familiar with WRAITH will find Tables D.l, 0.2, and 0.3, and the section on 

Instructions for Running WRAITH, most important. 

DATA LIBRARIES 

Three libraries contain data needed by WRII.ITH: 

• RSS*NUCDAT (logical unit #10): This is the Radionuclide Master Data 

Library, containing the half 1 ife and radionucl ide chain decay scheme 

for each nuclide. It also contains similar data for nuclides used 

in the thyroid calculations. 

• RSS*ORGDAT (logical unit #12): This is the organ data library. It 

contains biological data for each nuclide, such as blood-to-organ 

transfer fractions, and organ retention function coefficients. It 
also contains the gamma energies and abundances for calculating 

S-factors and external dose factors. 

• RSS*SFACTR (logical unit #14): A number of S-factors are stored in 

SFACTR. Generally these include the $-factors which cannot be 

calculated using gamma energies alone. Thus all high-LETS-factors, 

D-1 



and those where a given organ is both source and target, are 

included in the data library. External dose factors (5-cm depth 
doses) for submersion in an infinite cloud are also stored here, 
as are inhalation dose factors for noble gases. 

INPUT FROM TERMINAL 

Four types of statements are entered by the user from the remote terminal 
at the start of each run to specifically define the case: 

I. A job title to be listed on each page of the output. 

II. A namelist, called 11 $1NPUT 11
, which specifies the optional calculations 

to be performed, and gives many of the input values. 

III. Data specifying the quantity and clearance class of each nuclide 
in the release. 

IV. External dose factors for each nuclide at each range (user-input 
dose factors are requested only when that option is specified). 

After execution of WRAITH is initiated, the code will type out a brief 
message asking for the appropriate input. The message is followed by a 

carriage return, and the computer will print a prompting 11 greater-than 11 sign 
(>), indicating that it is ready for a line of input. The user should type 
the appropriate information directly after the prompt. A detailed description 

of the user input follows. 

I. JOB TITLE 

Prompt message: ENTER JOB TITLE (MAX. BO CHARACTERS) 

Format: ASO 

Since the format is ABO, whatever is entered in the first 80 spaces after 

the computer's prompt sign will be read by WRAITH as the job title. It will 
be printed on the title page of the line printer output and reproduced at the 
top of each succeeding page of output. Thus it is an easy way for the user 

to identify runs. 
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II. NAMELIST 

Prompt message: ENTER NAMELIST 

Variables entered: Table 0.1 lists the variables in the Namelist, the 

type of variable (integer, real, or alphameric), the units, and a brief 

description of each. 

Variable 

NR 
R(l D) 

PASCLS 

UBAR 

H 

EOQ( 10) 

AMAO 

03 

04 

05 

-~NUCLD 

DOSTIM 
BRATE 

QFALPH 

JXCAL(lO) 

iDPLET 

BDAREA 

IJE!..H ( l 0) 

'IELSTK 

D!ASTK 

QHSTK 

TAIR 

TSTAC:< 

TMPGRD 

VOLSTK 

TABLE D.l. Variables in Namelist 

Type 

integer 

rea 1 

alpha (Al) 

rea 1 

real 

real 

real 

real 

rea 1 

real 

integer 

real 

real 

real 

integer 

integer 

rea 1 

rea 1 

real 

real 

real 

real 

redl 

real 

rea 1 

Units 

meters 

m(sec 

Descriotion 

Number of ranges 

Ranges 

Pasquill stability class 

Average wind speed 

Stack height 

E/0 at each range 

microns Average median aerodynamic diameter of 
particles 

Fraction of inhaled particles deposited fn 
N-P region 

Fraction of inhaled ~articles deposHed in 
T-B region 

Fraction of inhaled particles deposited in 
P region 

Number of nuclides 

days Time period for dose COIMlit:nent calculation 

cm3/sec Ventilat1on rate 

2 
' 

' 
mjsec 

ca 1/s 

'K 

'K 
'Kjm 

3 m /s 

Qua 1 i ty factor for a 1 ph a 

Flags to indicate tyoe of external dose 
calculations 

F1ag to indicate use of plume depletion 
factors 

Building area for ground-level :Jr vent 
releases 

PlCJme rise correction "'actors 

''ieloci~y of gas leaving stack 

Diameter of stack 

f"leat emission rate of stack 

.l..mbient ajr temperature at ~op of stack 

Temperature of efflue11t leavi11g stack 

Temperature gradie11t of air at too of stack 

Volume flow rate of effluent leaving stack 
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Format: Free format, with certain important restrictions: 

a) The first 8 characters following the prompt must be 

~ $INPUT ~. where 11 )S 11 indicates a blank space. 
b) Variables are given values by assignment statements, 

such as "UBAR=2.5"; assignment statements must be 

separated by commas. Variables may be assigned in 

any order. and unnecessary variables may be omitted. 
To terminate the assignment statement, enter $END 

(or just$) after the last assignment statement. 

c) Assignment statements should use the correct type of 

constants: integers should not have decimal points; 
real numbers should have decimal points, and scientific 

notation can be used by putting an E before the exponent 
( 3. ) 1.5 x 10 . l.5E+3 . PASCLS is a one-character 
alphameric symbol, which must be in quotes (PASCLS= 1 C1

). 

d) Arrays: Each of the four arrays have one element for 
each range. Values can be assigned by having the array 
name on the left side of the assignment statement, and 

values separated by commas on the right (R=l00.,200., 
300.). A specific array element can be specified 

[R(3)=3C10.], and an asterisk can be used to assign the 

same value to several elements of an array (DELH=3.3, 
4.1, 8*4.9}. Note that unneeded array elements can be 

omitted. 

Sample Namelist Entries: 

ENTER NAMELIST 
>~$INPUT~ NR=2, R=lOO., 1000., PASCLS='B', UBAR=4., H=lO., AMAD=l.O, 

NNUCLD=3, BRATE=300., DOSTI~I=300., JXCAL=l, DELH=2*2.l, $END 

or 
ENTER NAMELIST 
>~$INPUT~ BRATE=l., 03=.310, 04=8.E-2, 05=0.259, DOSTIM=l8250., 

NNUCLO=l,$ 
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A discussion of t.he Namel ist variables must necessarily include a 
discussion of the optional modes for running WRAITH, and some of the idiosyn­

cracies of the code itself. 

For all Cases 

NNUCLD: The number of nuclides released must be specified (see the dis­

cussion of limits to NNUCLO in the nuclide data entry description). 
DOSTIM: The number of days in the dose commitment time period must be 

specified. 
03, 04, and 05: The fractions of inhaled particles deposited in the 

three regions of the respiratory tract {03: nasopharyngeal region, 04: 
tracheobronchial region, 05: pulmonary region) may be input directly. If not 

directly input, they must be calculated by inputting: 
AMAO: The average median aerodynamic diameter of the particles, used to 

calculate 03, 04, and 05. The model is only valid for AMAO values between 

0.1 and 20 microns. 
QFALPH: The quality factor for alphas, may be input or omitted. If 

omitted, doses will be calculated in rads, with no dose equivalents. If 

QFALPH is input, its value will be used to calculate dose equivalents (in rems) 

from the doses (in rads). 

Bypass Atmospheric Dispersion Calculation 

If the user knows the quantity of radioactive material inhaled, there 
is no need to perform the atmospheric dispersion calculation, and it can be 

omitted. The flag for bypassing the atmospheric dispersion calculation is 
setting the Namelist variable "BRATP equal to one. 

The only other variables entered in Namelist for this mode of calculation 
are those listed abov~: NNUCLD; DOSTIM; QFALPH (optional); and D3, D4, 05, 

or AMAD. 

When the atmospheric dispersion calculation is bypassed, the external 

dose calculation is also omitted. The quantity of material (entered in the 
nuclide data input) for each nuclide is in units of ~Ci inhaled--for all other 

cases the units are Ci released. 
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Atmospheric Dispersion Calculation 

The values for E/Q (x/Q integrated over time) may be either input 

directly by the user, or calculated by WRAITH. For both options, the following 
variables must be included in the Namelist: 

NR: The number of ranges for performing dose calculations. NR<lO. 
R: The ranges (distances from release site to receptor sites), in meters. 

There must be NR values of R input. 

UBAR: The average windspeed, in m/sec. For ground level and vent releases 
UBAR should be the windspeed 10 meters above the ground. For elevated releases, 
the windspeed should be that measured at the height of the top of the stack. 

Although UBAR is primarily used in the calculation of EOQ, it is also used in 

calculating radioactive decay between the source and receptor sites, and there-
fore it must have a value even when EOQ values 

BRATE: The ventilation rate, in cm3/sec. 

perform atmospheric dispersion calculations. 

are input by the user. 

BRATE must be greater than l to 

JXCAL: is an array of integers to indicate the type of external dose 
calculation to be performed at each range. Thus, JXCAL(l) determines the 

external dose calculation technique used at the first range, JXCAL(2) at the 
second, etc. 

JXCAL=l: WRAITH calculates the external dose factor at the specified 
range. (Remer.Jber: this optio:1 cannot be used for user-in9ut E/Q). 

JXCAL=O: Dose factors for submersion in a semi-infinite cloud are taken 
from a 1 ibrary. 

JXCAL=-1: The user inputs dose factors calculated in a previous WRAITH 

run. 
Defau1t values for JXCAL are all zero. If JXCAL is not specified in the 

Namelist input, submersion dose factors will be used for all ranges. Likewise, 
if JXCAL values are specified for only several ranges, the other JXCAL values 

will all be zero. A discussion of the external dose calculation options is 

included at the end of the input instructions. 

Enter E/Q Values 

If the user knows the values for E/Q much of the atmospheric dispersion 
calculation can be avoided by entering these values in the array EOQ in the 
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Namelist. One 
(Sample input: 

EOQ value for each range must be 
EOQ=l.30E-5, 1.97E-5, 6.28E-6). 

entered, with units of sec;m3. 

Beside EOQ values, the user must input the other Namelist variables 
common to all cases: NNUCLD; DOSTIM; QFALPH (optional), and either AMADor 03, 
04 and 05, and the user must enter values for NR, R, UBAR, BRATE, and values 

for JXCAL are optional. For the user-input E/Q option, the only allowed 

values for JXCAL are 0 and -1. 

E/Q Values Calculated by WRAITH 

The user indicates that WRAITH should calculate E/Q values by simply not 

including EOQ in the Namelist input. BRATE must be greater than 1 to avoid 
bypassing the atmospheric dispersion calculation. The variables common to 
all cases must be included in Namelist input: NNUCLD; DOSTIM; QFALPH (optional); 

and either AMAO, or 03, 04, and 05. Namelist input should also include those 
variables needed in all atmospheric dispersion calculations: NR, R, UBAR, 
BRATE, and JXCAL (optional). Also, the following variables are needed for 

E/Q calculations: 
PASCLS: The Pasquill Stability class: A, B, C, D, E, and F. Since 

PASCLS is a 1-character alphameric variable, the letter must be enclosed in 
quotes (Sample: PASCLS='D'). 

IOPLET: An integer which determines whether or not to calculate plume 

depletion by dry 
IDPLET=l : 

deposition. 
calculate plume depletion 

IOPLET=O: do not calculate plume depletion. 
Default value=O, so omitting IDPLET also turns off the plume depletion 

calculation. 
H: The height of the release in meters. If it is a ground level or 

vent release, a value for BOAREA should be included. For stack releases, 
various plume rise models may be calculated. Discussions of both cases 

follow. 
Ground level or vent releases. WRAITH uses the methods of USNRC Regula­

tory Guide 1.145, which includes plume meander, to calculate plume dispersion 

from a ground level or vent release. This must include a value for: 
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BDAREA: The smallest vertical-plane cross sectional area of the reactor 
2 building, in m . A value of zero for BOAREA will work in the claculation, but 

this value must be input. If the Namelist input sets H=O, but omits BDAREA, 
the default value for BDAREA is -1. which turns off the plume meander, and 
calculates atmospheric dispersion as an elevated release from a height of zero. 
The results obtained by the two different methods may differ. 

Elevated releases. Omitting BDAREA in the Namelist input turns on the 

elevated release calculation. H is the height of the stack from which the 
effluent is emitted. If no plume rise correction factor is used, H should be 
the effective stack height, and DELH and the other variables for calculating 

plume rise should be omitted from the Namelist. Otherwise, the effective 
stack height is found by adding the plume rise correction factor to H. The 

plume rise correction factors can be either input or calculated. 

To input plume rise correction factors, include in the Namelist input: 
DELH: The plume rise correction factors, in meters. The DELH array must 

include a value for each range, but identical values can be input easily by 
usinq the '*' notation (DELH=l0*2.7, or DELH=l.S, 2.3, 2.7, 4*2.9). 

ror calculc.-~inQ t~e !J11_1fle lise correction factor, several options exist: 

• Momentum-dominated plume rise: 
The user must input values for two Namelist variables: 

VELSTK: The velocity of the effluent leaving the stack (m/s) 
DIASTK: The diameter of the stack (m) 

• Buoyancy-dominated plume rise: 
For Pasquill stability casses A, B, C, or D {unstable to neutral): 

The user should input either: 
a. QHSTK: The stack 1 s heat emission rate (cal/sec) or: 
b. VGLSTK: The effluent volume flow rate (m3/s) 

TAIR: The ambient air temperature {°K) and 
TMPGRD: The temperature gradient of the air at the top of the 

stack (°K). 
For classes E or F (stable): 
The user should input either: 
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a. QHSTK 
TAIR 

and TMPGRD: The temperature gradient of the air at the top of the 
stack (°K/m). Recommended values are: 

b. VOLSTK 

TAIR 
TSTACK 

and TMPGRD. 

TMPGRD=.Ol02 (E class), and 

TMPGRD=.0252 (F class). 

It should be noted that the plume rise correction can either be momentum­
dominated or buoyancy-dominated, or it can have both mementum and buoyancy 

components. WRAITH is designed to sum the two components into one correction 
factor, or handle either component without the other. 

Summary of Namelist Use 

Table D.l summarizes the variables in the Namelist, defining and 
describing each one. Table 0.2 summarizes the use of the Namelist variables 

under each of the different options. Table 0.3 shows the uses of the plume 
rise variables for each of the options. 
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TABLE D.2. Use of Namelist Variables in Atmospheric Dispersion Options 

NNUCLO 

OOSTIM 

Namel ist 
Variable 

AMAO or 03, 04, & 05 

QFALPH 

BRATE 

EOQ 

NR 

R 

UBAR 

JXCAL 

PASCLS 

IDPLET 

H 

BOA REA 

DELH or plume rise 
parameters 

Bypass 
Atmospheric 
Dispersion 

enter 

enter 

enter 

optional 

enter 1.0 

omit 

omit 

omit 

omit 

omit 

omit 

omit 

omit 

omit 

omit 

Input 
E/Q 

enter 

enter 

enter 

optional 

enter 

enter 

enter 

enter 

enter 

optional 

omit 

omit 

omit 

omit 

omit 

0-l 0 

Calculate 
Ground Level 

Release 

enter 

enter 

enter 

optional 

enter 

omit 

enter 

enter 

enter 

optional 

enter 

optional 

enter 

enter 

omit 

E/Q 
Elevated 
Release 

enter 

enter 

enter 

optional 

enter 

omit 

enter 

enter 

enter 

option a 1 

enter 

option a 1 

enter 

omit 

optional 



0 

' 

Namelist 
Variable 

DELH 

VELSTK 

DIASTK 

QHSTK 

VOLSTK 

TAIR 

TSTACK 

TMPGRD 

Plume Rise 
Factors 

enter 

omit 

omit 

omit 

omit 

omit 

omit 

omit 

TABLE 0.3. Plume Rise Correction Variables* 

Calculate Momentum­
Domina ted 
Plume Rise 

omit 

enter 

enter 

optional 

optional 

opti ana 1 

optional 

optional 

Calculate Buoy~ncy-Dominated Plume Rise 
Pasquill A, 8, C, D Pasquill E, F 
Option 1 Option 2 Option 1 Option 2 

omit 

optional 

optional 

enter 

omit 

omit 

omit 

omit 

omit 

optional 

optional 

omit 

enter 

enter 

enter 

omit 

omit 

optional 

optional 

enter 

omit 

enter 

omit 

enter 

omit 

optional 

opti ona 1 

omit 

enter 

enter 

enter 

enter 

*These variables may be used only when WRAITH calculates E/Q due to elevated releases. 
All these variables may be omitted to turn off the plume rise correction calculation. 



III. NUCLIDE DATA ENTRY 

Prompt message: ENTER NUCLIDE DATA 
EEAAAAAAQQQQQQQQQQDDDDDDDDDDWWWWWWWWWWYYYYYYYYYY 

Variables entered: Element name, atomic weight, quantity released, per­
cent in D class, percent in W class, percent in Y class (one set for each 
nuclide requested). 

Format: A2, A6, 4El0.4 
The format must be followed exactly, or values will be misread. To help 

in lining up the input, theE's, A's, Q's, D's, W's andY's on the second line 

of the prompt message define the fields for each variable. The element names 
and atomic weights must have all characters placed in the proper columns to 
ensure proper reading and identification. 

The last four variables are real numbers, and if their values are entered 

\llithout exponents, they may be anywhere in the proper ten-space field. The 

decimal point must be included to avoid misreading. If a value is expressed 

in scientific notation {i.e., 1.23E-Ol), it must be right-justified--that is, 

the last digit of the exponent must lie in the tenth space of the field. The 
computer will give a prompting "greater-than 11 (>)for each nuclide requested. 

Nuclide name: Each radionuclide is identified by a two-ltter element 
name, and a six-character ''atomic weight." Standard one- or two-letter 
abbreviations are used for each element name, with the qualification that a 
one-letter name must always have its letter in the first space, with a blank 
in the second. To correctly identify the nuclide, the numbers in the atomic 
weight must be left-justified in the six-character field, with blanks filling 
the right-hand spaces. Thus 14c is represented by C~l4~~~~. and 232Th is 
TH232~k\kl. Isomeric states are identified with an M following the final digit 
of the atomic weight (XE135M~~~ or Y~90:~~~~). The proper characters must 
always be in the correct spaces, or WRAITH will not be able to match the 
requested nuclide with the nuclides in its data files. If in doubt, the user 
can refer to a data file listing to find the proper representation of a 

radionuclide. 
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Quantity: The quantity of each nuclide is either: 

• The quantity inhaled (in microcuries) if the atmospheric dispersion 
calculation is bypassed, or 

• The quantity released (in curies), if the atmospheric dispersion 

calculation is performed. 

Solubility Classes: The calculation of the nuclide 1 S transport through the 

respiratory tract is done by the ICRP Task Group Lung Model. This model was 

developed for particles described by three clearance classes: D class (with a 
biological half life in the pulmonary region of 0.5 days), W class (with a 

biological half life in the pulmonary region of 50 days), and Y class (with a 

biological half life in the pulmonary region of 500 days). 

The class should be determined by the chemical form of the radionuclides. 
WRAITH handles each nuclide as a combination of the three classes--the user 
specifies the combination by inputting a value between 0 and 100 for the 

percentage in each clearance class. The sum of the three values must equal 
100 for all nuclides except noble gases. If the requested nuclide is a noble 
gas (Ar, Kr, Xe, Rn), zeros must be entered for the percentages in all three 

classes as a flag to use inhalation dose factors for these nuclides. 

There is a limitation to the number of nuclides which may be requested by a 

WRAITH run. The arrays are dimensioned to handle a total of 200 nuclides, 
which includes the decay chain members of requested nuclides. Thus the maxi­
mum number of requested nuclides would be under 100 if each one had at least 

one daughter. 

IV. EXTERNAL DOSE FACTORS 

External dose factors are entered for each range for which JXCAL=-1. These 
dose factors must be taken from previous WRAITH calculations, performed with 
identical atmospheric conditions. 

Prompt message: ENTER EXTERNAL DOSE FACTORS--START A NEW LINE FOR EACH 
NUCLIDE (FREE FORMAT) 
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Variables entered: External dose factors (rads/Ci) for each nuclide at 
each range identified by JXCAL array. 

Format: All the input dose factors for each nuclide must be entered as a 
group, beginning with the value for the first range. More than one line may be 

used for each nuclide, but data for the first range for each nuclide must 

begin on a new line. If input dose factors are not required for the first 

range (or first several ranges), but they are needed for later ranges, dummy 
values (not used in calculations) must be entered for the first range (or first 

several ranges). No values need to input for ranges after the last required 
input value, however. 

Notes: Much computer time can be saved by inputting external dose factors 

which have been found by previous WRAITH calculations (see next section on 
external dose options). Care must be taken, however, to ensure that the proper 
dose factors are used. These dose factors are not the same as submersion dose 
factors- usually the units are different, and confusing the two can result in 

grief for the user. Be sure that the input dose factors were calculated for 
the identical atmospheric conditions--including release height, plume rise 

correction, and plume depletion--as those in the present calculation. Also be 
sure that external dose factors are input for all nuclides used in the 
calculation. Remember that WRAITH automatically finds the daughters for any 

requested nuclide. If these daughters are produced in a significant amount 
during the transit from release to receptor point, external dose factors will 
be required. The best method is to list each daughter as a requested nuclide 

with the quantity released equal to zero. 

External Dose Calculation 

Options for calculating external doses in WRAITH basically come to a choice 
between an expensive, precise calculation, and a cheap, approximate calculation. 

However, a happy medium can sometimes be used- inputting the results of a 
former expensive calculation to give a cheap, precise calculation. There are 

also cases in which the approximate calculation is as good as the expensive 

one. 
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Calculate External Dose Factors (JXCAL(IR)" 1): This 1s the expensive, 

precise option. With this option, WRAITH performs a numerical volume inte­
gration over the plume in the vicinity of the exposure point to calculate a dose 

factor for each photon energy group. The dose factor for a nuclide is found by 

reading the nuclide 1 s photon energies and abundances from the organ data 
library, and summing up the energy dose factors for all the photons. This 
external dose factor is in units of rads per curie released, and WRAITH con­
verts the dose factor to dose by multiplying it by the quantity released, 

modified by the radioactive decay or production during transit. (Note that 

the dose factor is multiplied by curies released, not a concentration at the 
receptor site.) The doses calculated are all 5 em depth doses (the doses to 
tissue after attenuation by 5 em of tissue), and only photons contribute. This 

method of calculating doses is especially desirable in cases where the plume 
is overhead, such as in an elevated release at a short range. It is also 
useful when the plume has not spread very far laterally or vertically, as in 

stable conditions, short to medium ranges. Unfortunately, the numerical 

integration is quite time consuming, requiring from 10 to 55 seconds of execu­
tion time per range (on the UNIVAC 1100/44). 

Use Submersion Dose Factors from a Library (JXCAL(IR)= 0): This is the 
cheap, approximate option. With this option, WRAITH reads the externai dose 

factor from the S-factor library. This dose factor was calculated assuming 
that the person receiving the dose was immersed in a "semi-infinite" cloud of 
radionuclides. (Semi-infinite means that the dimensions of the cloud are much 

larger than the ranges of the photons emitted by it.) This dose factor is 
multiplied by the radionuclide concentration at the receptor site to give 
the external dose, which is also the 5 em depth dose. Of course, this avoids 
all the dose factor calculations of the previous option, with a large savings 
in execution time. Under unstable atmospheric conditions, at long ranges, 
the plume does approximate a semi-infinite cloud, and this option calculates 
external doses which agree with doses calculated by the previous option to 
within a few percent. 

Input External Dose Factors (JXCAL(IR)= -1): When this option can be used, 

it produces the most accurate results with minimal execution time. It can 
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only be used, however, when the requested nuclides have been used in a 

previous WRAITH calculation at the same ranges, under exactly the same atmos­
pheric conditions. Remember that only previously calculated dose factors can 
be used - submersion dose factors cannot. 

Selection of External Dose Option 

The user must consider cost, importance of the external component to the 
dose, range and atmospheric conditions, and the nature of the particles emitted 
by the radionuclides in the calculations. If unlimited funds are available 

for the calculation, the user can be sure of always getting the most accurate 
doses possible by using JXCAL= 1. In the more likely event that cost is 

important, however, other factors should be considered. If the external com­
ponent to the dose is not important, such as the case in which none of the 

requested radionuclides emit any gammas or only weak gammas (such as 90sr- 90v), 
there is no need to calculate external dose factors. Submersion dose factors 

from the library would do nicely, or the user could input zeros for dose 
factors to give zero external doses. 

There are cases in which submersion dose factors would obviously give very 
poor results, such as elevated releases at ranges near the .stack. In other 

cases submersion dose factors give very good results--ground-level releases 
under unstable conditions at long ranges. In between these two extremes is a 
gray area where the user must make (hopefully) educated guesses. 

The plume closely approximates a semi-infinite cloud when the plume 1 s 
standard deviations (oy and oz) are both significantly greater than the mean 
free path in air of the highest-energy gammas emitted by material in the 
plume. As an example, the 60co gammas have mean free paths in air of about 
120 meters. Thus for Pasquill A, oy=450m and oz=2000m at a range of 2500m, 
and the semi-infinite cloud model is a fairly good approximation (the approxi­
l.'ition improves, of course, as the range increases). For Pasquill F class, 

however, at lOO,OOOm oy=2000m, but oz=90m, and the 11 flat 11 plume is not a good 
approximation to a semi-infinite cloud. This particular rule of thumb may be 
somewhat unsatisfying, since a few hand calculations must be performed before 
applying it, but when coupled to the other considerations, it should be a good 

guide for the WRAITH user. 
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INSTRUCTIONS FOR RUNNING WRAITH ON THE UNIVAC 1100/44 

WRAITH is designed to be run primarily in the interactive mode from a 
remote terminal. The user first assigns input files and the program file to 

his run, and (optionally) assigns an output file. logical unit numbers are 

assigned to the data files, and then the @XQT command is typed in. During 
program execution, the user enters input data in response to the prompting 

messages printed by the code. The end of program execution is signalled by 
an end-of-run message, and the user can then route the output file to a printer, 

if he originally assigned the file to his run. There is no automatic restart 
option for WRAITH - the user must assign a new output file, type the @XQT 

command, and proceed as before. 

The control cards for a typical WRAITH run: 

1. @ASG,UP A*15. 
2. @ASG,A RSS*NUCDAT 
3. @USE 10.,RSS*NUCDAT. 
4. @ASG,A RSS*ORGDAT 
5. @USE 12., RSS*ORGDAT 
6. @ASG,A RSS*FACTR 
7. @USE 14.,RSS*SFACTR 
8. @ASG,A RSS*WRAITH 
9. @XQT RSS*WRAITH.ABS 

(interactive data entry) 

10. @FREE A*15 
11. @SYM A*15.,PR 

Notes: 

Output Files: For the first WRAITH run in a runstream, statements 1, 10, 
and 11 are optional - if omitted, the code will automatically assign a file 
called 15 to the run, then route it to the line printer upon completion of 
execution. However, if a file called 15 already exists and is not assigned 
to the run, an attempt to run WRAITH without assigning an output file will 
result in an aborted execution with an obscure I/0 error message ("ERR MODE 
ERR-TYPE:02 ERR CODE:21", and more). Any output file can be routed to the 
printer by @SYM (statement 11 ) , if it is @FREE' ed first (statement 1 0). The 
output file, 15, can have any qualifier in front of it, but it must be a 
pennanently asst-gned file. 
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Shortcut: For the first WRAITH run in a terminal session, statements 2-9 
can be replaced by one command: @ADD RSS*RUN.WRAITH. RSS*RUN.WRAITH is a file 
element containing statements 2 through 9, so typing in the @ADD command adds 

all these statements to the runstream, and the computer types all the responses 
to the commands. Thus the previous runstream could look like this: 

@ASG,UP A*l5 
@A Dr:• RSS*RUN. WRA.ITH 

(interactive data entry) 

@FREE A*l5 
@SYM A*l5., .PP 

Do not be dismayed-- when the computer responds to statement 8 with a 
message warning that the write key is missing --the program can still be 
executed. 

Re-running WRAITH: In order to run WRAITH after the first execution in a 
terminal session, the user must first assign a new output data file, then 
type in the @XQT command, and upon termination of execution, route the output 
files. A typical runstream with a total of three WRAITH executions follows: 

@ADD RSS*RUN.WRAITH 

(interactive data entry for first run) 
@ASG,UP A*lS 
QXQT RSS*WRAITH.ABS 
(interactive data entry for second run) 
@FREE A*l5 
@SYM A*l5. , PR 
@ASG,UP 8*15 
@XQT RSS*WRAITH.ABS 
(interactive data entry for third run) 
@FREE 6*15 
@SYM 6*15. ,PR 

Terminal Output: After all the input data is input for a WRAITH exe­
cution, the program types out a message saying that it's running. Then there 

is a pause while the program executes, and the user should remember that an 
external dose factor calculation can take a minute or more of computer execu­
tion time--thus the pause could be lengthy. Then a summary of doses at each 

D-18 



range is printed out. Unfortunately, even this summary printout can sometimes 
seem slow - on a 300 baud Decwriter it takes about 30 seconds per range - so 
a ten-range case takes 5 minutes for the summary printout. The user can avoid 

much of this printout by using the command: @@SKIP n; where n is the number of 
lines to be skipped, n~63. There are 14 lines per range if no quality factor 

is specified, 16 lines per range with a quality factor. 

Appendix E includes the terminal printout for two sample cases. 

Running WRAITH in Batch Mode 

Rather than running WRAITH from a renote terminal (in demand mode), the 
user may wish to run WRAITH as a batch job, either with a file that is @START'ed, 
or using a card deck. This option can be used satisfactorily, with the warning 

that the run card must call for 75K words of memory: 

@RUN WRAITH/75///,BCAOOO/BCAOOO . USR NAME 

Since the detailed file is on logical unit 15, it is not automatically in­

cluded in the line printer output, and if an output file is assigned to the 
run, it must again be @FREE'ed and @SYM'ed after program execution. 

DESCRIPTION OF OUTPUT 

The line printer output (from logical unit 15) records all the input 
information used in the calculation, both from terminal and data libraries; 

calculated parameters used in the dose calculation; and the detailed results 
of the dose calculations. At the top of each page is a heading listing the 
job title (input at the terminal), the page number, and date and time of the 
run. 

The first page of the output is the Q.A. page. It lists the titles of 
the data libraries used and the input data entered from the terminal, and 

it provides a summary of the options used in the calculations. All the input 
entered from the terminal, except the data in type III statements (nuclide 
data), are included on the Q.A. page. 
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Page 2 of the output lists a summary of the nuclide data entered from the 

terminal, and information about the decay chains. The top table simply 

tabulates the data input concerning the nuclides requested for the run. The 

second table shows the decay chains for each requested nuclide. (The chains 

were read in from the nuclide data library.) The daughters for each requested 

nuclide are listed, and a chain ID number is assigned to each chain member. 

Each daughter can have up to two parents, identified by their chain ID 1 s. The 

decay fraction is the fraction of parent decays which produce the particular 

daughter. If a zero is listed as the ID for the second parent, it means there 

is only one parent in the chain. If a zero is listed as the ID of the first 

parent, the first parent is not a direct product of the requested nuclide 1 S 

decay chain. In some cases, a requested nuclide may be in the decay chain of 

another nuclide. It will then be listed in both places in the table, and 

will be used twice in the calculations, once for each capacity. The calculated 

doses, however, will be summed and reported only once. If a requested nuclide 

has no daughters, it will be listed alone under the decay chain table. 

A table summarizing organ data follows the nuclide decay chains. This 

table includes the data read from the organ data library: The coefficients 

of the organ retention functions, the transfer fractions from blood to the 

organs, and the transfer fractions from the small intestine to the blood. 

There is a listing for each nuclide used in the run. 

A compilation of S-factors follows the organ data tables. The S-factors 
are in rads/vCi-day; some were calculated, and others were read in from the 

S-factor library. 

If the run includes any noble gases, following the S-factor table is a 

table listing the internal dose factors due to inhalat-Jn of the nuclides. 

These dose factors are multiplied by the quantity of the nuclide inhaled to 

give doses to the organs whenever the gas is inhaled. If the noble gas 

nuclides are daughters of other nuclides (such as 135xe produced by 135 r) 

which are inhaled, the gas is assumed to clear the organ in which it is 

produced with a biological half time of two hours. 

If the atmospheric dispersion calculation is not bypassed, a table lists 

the parameters used in that calculation. Input values are listed, as are 
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values for E/Q at each range (whether input or calculated), and tables may also 

include oy' az, plume rise correction factors, and plume depletion fractions. 
A table of the lung deposition fractions follows. 

It should be noted that the execution time, in seconds, follows various 
tables. This time is set to zero at the start of program execution, and allows 
the user to see how much execution time has been used up to each point. It 

is especially helpful in letting the user determine which options are time 
consuming, and should help in choosing options for future runs. 

Following the lung deposition fractions, there is a table of the external 

dose factors. If any factors are calculated, the external dose factors by 

gamma energy group are listed for each range (zeros are listed under ranges 
with other external options). Then the external dose factors are tabulated 

for each nuclide at each range, and the top of each column shows how the dose 
factors were obtained at each range: 

CALC indicates that this run calculated the dose factors [JXCAL(IR)=l]; 

LIB indicates athe submersion dose factors were read from the S-factor 
library [JXCAL(IR)=O]; 

INPUT indicates that dose factors calculated by previous WRAITH runs 
were input [JXCAL(IR)=-1]. 

Units for CALC or INPUT values are (rad/Ci); units for LIB values ar~ (;~~dh~3). 
If the atmospheric dispersion calculation is bypassed, the dose calculation 

results follow the lung deposition fractions. First the activity-residence 
times (in ~Ci-days) are listed for each nuclide in each organ. Then a table 
lists the cross-organ dose commitments for each nuclide, due to both high-LET 
and low-LET radiation (units are rads). On the final page are listed the 
"totals" for cross-organ doses: the contributions from all nuclides to each 
source-organ-•target-organ dose are summed. Finally there is a summary of the 
dose to each organ, and the dose equivalent, in rems, is listed if a quality 
factor for alphas had been input (this table is the same as the summary listed 
at the terminal). 
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In cases where the atmospheric dispersion calculation was performed, a set 
of doses is listed for each range. First a listing of the external dose due 
to each nuclide at the particular range is tabulated, and the activity­
residence-time table follows. Then the cross-organ dose tables for the range 
are printed, and the summary table concludes the listing for each range. 
The user should note that the summed dose table includes all the cross-organ 

doses to each source organ, plus the 5-cm depth doses due to external radiation 

from all the nuclides. 

Following the dose summary for the last range, a final message indicates 

that the WRAITH run has been successfully completed. 

The line printer output for two sample cases are reproduced in Appendix 

E. 
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APPENDIX E 

SAMPLES PROBLEMS 

Reproduction of Terminal Session for Sample Run 1 

--~•,;.>SdJ~' 1<*13 
~;;o_,.~,y 

>;;>,))I" RSS*"'!~-OiR.I\l'fH -- ~--- --------- ----~--·---------

!>. ;, L"' 
O:f "-~'' 
l.;i_,;[l-, 

RC•>I;Y 
R~A:IY 

~:: ... ·_,y 
i- .;.;;u·,-y i..j,),,_N:NG 000200000000 
.<R, rl 1\EY :-tli>SI.'<J 

I::NfER ,).):> TI;-u;: ;MAX, 81~' CC! .. H\CTEf.:S) 
3.;Mi-"LE Wf.:AITH RUN 1-B--·GRC!:JND LEVCL RELEASE 

~~~---- --- - -~-~-~--- ---~~ 
E >T Ex ~;,"'ELI:>< 

i.i NF'L f I<NUC<.D"':C, DOSTrh-1 ~-"'~0, , Ci3"'0, 31 , D-1,-11, Oil, 05-0, 24~, «RATE o300, , 
'ell~ -q 0. R-' 1 :,o, , :'50, t i>·CO, , :0:0, , 5000, , 1001\I.J, , 2.3000, , 40000, , 75000, , 

1 ~OOC 0, , CJf'.AR<~. , JXC.;c.-3.i<: , ::' O:··l, PASCLS' 'D' , H•F·LET"'1• H-0, , f>flA;{£A,.::>300, , $ 

ENTER r;usu:.o. DAT;, 
t: Uti' A:,;,,:,.- .:1 ~-:< •.il; c, lltW DDD<• D:• 0 ~D D01W ,jWj;Jle;.JtJ WilY iY YYY Y 'f) ·y- ----~- -·---~------.- ---~ 

'>1 12i' 3.24 10C, O, O, 
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>:~,.), , 4, 21 E --8, 5, 34E -9 
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4.00::-03 
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oi.IO.O r1 

SUMMED llOSE COMMIT~ENTS FOr" 18250, DAYS 

TARGET 
ORGAN_ 
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Reproduction of Terminal Session for Sample Run #2 

f-.[ ,) ' 
I[l hSC·>r~UN,WRrii-:-H 

~.- .,::y 

"'" ·' •' 1 ,,,__; •• -y 
RU;[•Y 
~·U.[IY 

;-,JLTllrY Wrlf'NTI<G C00~000C·J000 
WRI1E ,,EY MISSiNG 

:::r-H~C: JOE< ~llLr \MAX, 80 Cr-lAFII\..:TEi;S) 
S-'t.·~·U:: "'l'(,l~H .~:Jr-J :'ll ~~ Cc<.V.Ut:D RC.lEAS:: 

E"'iEr< ""hOI. iST 
$.!'if~~- ,,1-<L'c LC•= 1 '), [IQST l ~<16S, ,;ht:;:l~ ;_, -' , lii' ;,L: H -·1 J, ' i<i·. ,~ T to -:-!1lV, • !'-Jh ~ 1 ()' 

·R~:::C-(', ,5c1,1. ,800, • lCOO., ::':"00,, :0000,, lO,lCO., 3!"•Co· , •- r,,)0°·,, •, _- J•l, • 
~~~ '.!'-1, 3, JX•:r.c."-2~~1 •::'*1 • f'.'1SCLS~' A'· I[•F·• __ El e 1 .~•--- •, ·, -~, -- i:IOOJ. •: 

ENT _:-.; ,'tLJ:::LI:-: L-.-'t',"A 
1- E ,,,, .,.;,,AC:~<']Cl'•L-U:)QQfl[:fii':tD:•I-Ili:•..'WWI.:"'I;WWWWYYY~ ~-y~ , ':Y 
SF'''·i :::JJC•, C.•), 0, :; .. >, ,, 

-?V-'"' ~ 0:-' 0. l(\0, "· 
' " 

,, ,, 1•)0. o. 

' 1:'13 !00000. 1JO. o. ,, 
-xc:.BM o. 0 '" o. 
-Al::3~ o. o. o. '· -CS137 ;?JOJJ, F•O. '· ••• 

'·E<-'il:i";1 ' IJC·, o. .-.. 
c·~:: ~ \ 1.COJ. o. . 

•Ari.'41 10' o. :v.::. . . .. 
F.'<Tl.~ EXTERNAL DQ3E :OALTGRS--ST,I'!l A l>lf_CJ l,lNE FQR EACh NUCLIDE (f-~ft-. FC:kM,~Tl 

::'*0 • 
. 4,Jl~-<'oo!.::06E.-6 
·~t,)' 

.;,1~)l-~.1.l'i.o-6 

3,J:<S-7o6.t.:E-8 
:::'•0. 

, 4 .\)'eE.-6! 1.19<.-6 

<*''· 
1 .80[-7.4.130:-8 

::000,0 M 

SUI"MEi• DOf·E c.m·;~ITMioNTS FCR 

' ' ' ' ' ' 
'"' 

--- --~ -r-GSE COMMI i &'N fS- ------- ·-- ------­
i:C~~lrKCt 

HI·~t;·I_ET LJ•~ u:T .=!U-'h1 .l.i-' .~_10. ___________ 

<F·,;n; \ ":t\Dl (;;.f~) 

::o.JoE~o 1.88UOO 1 ,•fl£+00 
3.0J'E-O 3.18[+00 3.48t:t00 

' '-,e-o 7 ,Q;II"-1-C,~ 7.EI::.Et00 
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DISTANCE: FROM RELEASE POINT 500.0 M 

SUMMED DOSF COMMITMENTS FOR 

TARGET 

T l<DY 
R MAR 
LUNGS 

- --- -
-------~OSE COMM!TM~NTS----------------­

COMf<INED 
HIGH-LET LOI.J-LET "'-LPHA (l.F,=lO, 

(RA[L) (f;Afo) (Rf:Ml 
3 .5::!£-03 ---2-.::!SEtOO ----i. :>2£+0_0 __ _ 

4,52£-02 •l.21E+00 4.66£+00 
1.21£-01 9.97Et00 l.t2Et01 

L\lSTANCE FROM RELEASE POINT 800.0 M 

SUMMED DOSE C0<1MITMENTS FOR 365. [LAYS 

TARGET 

' "' ' I'IAf< 
LUNG5 

-------DOSE: COMMITMENTS-----------------

H!Gt'-LET 

(RAOJ 
'i',39E-04 
1.21£-02 
3.24£-02 

-~----(:Urif<INED-­

ALF·H;\ O,c-,=10. LO!.J-L!O f 

(RAOl 
6.15£-01 
1.13£+00 
2;66Et00 

(REMJ 
6.24£-01 
lo25Et00 
2.99£+00 

roiST-'INCE FROM RELEASE F·QJNT 1000.0 M 

SLIMMED DOSE COMMITMENTS FOR 365. liArS 

lARGEr 

' f<I•Y 

' "' LU,~G:O 

--·-----DOSE COli/'ll Tl'iENT S----------------­
COM.I'HN£0 

HIGH-LET LOW-LET AlPHA ll.F .=10, 

(f'.ADl ( RAf,; (fi·EMJ 
4,59£-04 3.01£-01 3.06£-01 
5.90£-03 5.53E-01 6.12£-01 
!.58£-02 1.30Et00 lo46£t00 

T'ISTAI><.:E F.":OI'< RELEASE POIN< 2500.0 M 

SUM~O:D [LOSE CO~MITMENTS FOR 365. DAYS 

TARGET -------DOSE CO~HITMENTS-----------------
COMf<lNED 

HIGH-LET LO~-LET ALF'HA Cl.F.~IO. 

(F;ADJ ( f<Hit) (REI") 

' m ;!>;~4£-C.S 4.36£-0'2 4.42£-02 

' MAR c;,-10C-04 7.95E-U2 8.79£-02 
LUNGS 2.25E-OJ 1.86:0-01 2.09£-01 

DISTANCE FROM RELEASE POINT '" 5000.0 M 

Slli't~.ED (•OS£ COMMITMENTS FOR J65. DAYS 

.TARGt::T -------DOSE COMMITMENTS--------------------·-·---- ---·---·- ------------C5.'"!-BINE'ii---

T IIDY 
R MAR 
LUNGS 

HIGH-LET LOW-LET ALPHA Cl,F,.,lO, 

(RADl (1'/AO> <REM> 
3,37E-OS 2.24£-02 2.28£-02 
4 ,_JJE:-04_~--4"' 09£-0~:---4, 52£ -:_0>'---
1,16E-03 9.58£-02 1.07E-01 
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DI::>T;.NCE FROh r;·:;:L_EASE F'tJ:<NT 10000.0 M 

Su.~.Mt:D i•OSE CO.~.M!T:1t:NTS FOR J6J, DAYS 

T;.Rc;tT 

T "[•Y 
F: ,'t;;r;· 
LU;~c;;; 

--- -----1•05[ CO~" i TMENTS-------- ---------­

i-;!GH-L ET 

(f;;{l[l) 

lo70i::-Q';; 
::. 13[-04 
5,-;:,e_ 04 

LOlc'-l.ET 

(RHC•) 
1,1:J'E-O:> 
2. )6E-0.~ 
4,61L-02 

CL).'!;JINUI 
ALPHA (l.F ,_~l_Q,_ __ 

(RE'Il 
1 '14!:'--0:::> 
2.::>7E-O:> 
5.39£-02 

Dl3TANCt: FR8M f:ELC:ASE POINT :lOOOO .o M 

-------DOSE COr.M I TMENTS----------------­

T £-I•Y 
,'; MA.-: 

LUN.~3 

HlG'--1-Li'T 

(f-;;,[;J 

5-74£-00, 
7.37£-05 
J .98£-04 

; F.A(I) 
3.7<-E-o:; 
6.'i'L:0-(d 
L6iE-o:: 

COMf<ONED 
AL_F-1-i,\ Q.F,.,.lO, 

( RcMJ 
3.8::'[-03 
7,64£-03 
1 ,(,l)t_ -02 

DISIA,<L<: FROM R!Olb<SE r·GINT 700·J0,0 M 

TARGE.T ------·- T11JSE CQ.,,: I IM<:'i ;s------ ----------_- ___ _ 

T BI•Y 
R HAr: 
LUNGS 

f!1GH-LET 

.2 ,0'Ji:-·J6 
2,6/E-05 
7.17£-05 

LC'W-LE'!' 

(R,o.~) 

1.340::-GJ 
:::>, •o8E-03 

··---;S.i'l£-03 

.:l'Mf.INC:~• 
ALPHA [LF . .,10, 

iR<o-M l 
1. :l,:,l->:3 

__ 2_.J::iS~03 __ _ 
6.43C:-03 

DISTM.C:O 1'1\JM o<:O:Lf.<SS ?8INT ~iOOOOO,O M 

TAi':GO:T ----- -- c c;:cE cu~r:I r:-~::rn s-----------------

T 9;:;y 
1\ MAR 
LUNGS 

HlGrl-L':T 

\R~-r •. ' 
l,:._oC-Ve, 
1.6H: -05 
4.32E-05 

SOli• OF-- ·'"·~I I -1 ~'UN 

'arREE i:*::; 

READY 
·<?SYM C*15,, tf''f,· 

LO:!-LfT 

(I):A[I) 

?.s--ct.-04 
1.48E-03 
3.40E-03 
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i ~e·:-:l 
8. ilf-04 
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Line Printer Output for Sample Run 2 

NOTE: Text appears in microfiche form at end of report. 
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NUREG/CR-1690 
PNL-3382 

RH 

DISTRIBUTION 

No. of 
Co pi~ 

OFFSITE 

A. A. Churm 
DOE Patent Division 
9800 S. Cass Avenue 
Argonne, IL 60439 

218 U.S. Nuclear Regulatory 
Commission 

Division of Technical Information 
and Document Control 

7920 Norfolk Avenue 
Bethesda, MD 20014 

2 DOE Technical Information Center 

10 Frank Swanberg, Jr., Chief 
Environmental Effects Research 

Branch 
Division of Safeguards, Fuel 

Cycle & Environmental Research 
U.S. Nuclear Regulatory Commission 
Washington, D.C. 20555 

J. A. S. Armbruster 
Environmental Research and 

Technology 
P. 0. Box 2105 
Ft. Collins, CO 80522 

3 F. J. Borst 
Ft. St. Vrain 
Public Service Company of 

Co lorado 
Platteville, CO B0651 

D. C. Kocher 
B 1 dg. 7509 
P. 0. Box X 
Oak Ridge National Laboratory 
Oak Ridge, TN 37830 

No. of 
Copies 
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C. T. Main 
Prudential Center 
Boston, MA 02199 

C. A. Little 
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P. 0. Box X 
Oak Ridge National Laboratory 
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University of Utah 
Salt Lake City, UT 84112 

K. T. Tran 
Environmental Research and 

Technology 
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