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ABSTRACT

EGAD is an external gamma dose code programmed in FORTRAN IV
that provides an estimate of whole body gamma dose resulting from
radioactivity released to the environs. To model average exposure
over long time periods, the distribution of material is assumed
to be Gaussian about a given release height in the vertical direc-
tion with a homogeneous distribution in the crosswind direction.
The code provides output in the form of dose integrals that are
functions of the vertical dispersion parameter o,, release height,
inversion lid, and gamma energy. The calculated integrals are
independent of the source, radioactive decay, wind speed, and
sector width. In the Savannah River man-rem evaluation program,
gamma dose may be calculated at a rate of >20,000 individual cases
per second on the IBM 360/65, including processing time for the
meteorological data involved.
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INTRODUCTION

EGAD is an External Gamma Dose code programmed in FORTRAN IV
for the IBM 360/65 that is intended to provide an estimate of
whole body dose resulting from radioactive material released to
the environs. The material is assumed to be bounded between the
ground and an inversion 1lid on the vertical axis and bounded in
the crosswind direction between fictitious sector boundaries or
some real physical constraint such as mountains on both sides of
a valley. To model average exposure over long time periods, the
distribution of material is assumed to be Gaussian about a given
release height in the vertical direction with a homogeneous
distribution in the crosswind direction.

The code provides output in the form of dose integrals that
are a function of o, (the vertical dispersion parameter), release
height, inversion 11d and gamma energy. The calculated integrals
are independent of the source, radioactive decay, wind speed, and
sector width. It is therefore feasible to cover a large variety
of possibilities by using a relatively small set of tabular values
as a function of Uz and employing an interpolation procedure. The
code is expected to be used primarily in the construction of these
tabular values to be used in a more comprehensive program of
computing radiation dose. The code is currently being used in
this manner as a part of the overall man-rem evaluation program
at Savannah River and permits gamma dose calculations to be per-
formed at a rate in excess of 20,000 individual cases per second
on the IBM 360/65, including the processing time for the meteor-
ological data involved.
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STATEMENT OF THE PROBLEM

An assessment of the environmental effect of a nuclear instal-
lation is most acceptably accomplished by the utilization of
comprehensive meteorological data covering a period from 1 to
2 years. Such a program will generally involve the processing of
a very large number of jointly occurring meteorological events to
estimate radiological doses from actual and hypothesized releases
to the environs. A high-speed computer is necessary, and the
computer code for data processing must efficiently minimize
computer time for economy.

The most difficult area of radiological calculations is
whole body gamma dose resulting from immersion within a cloud of
material or its passage nearby. The evaluation of the associated
gamma attenuation integrals as a function of material distribution
in space and time accounts for most of the computer time involved.
The computer code EGAD was developed to provide a means of
efficiently evaluating these space integrals for man-rem calcu-
lations inveolving long-term averaged azimuthal distributions.

The material is therefore assumed to be homogeneously distributed
within sector boundaries with a gaussian distribution in the
vertical direction., The material is also confined between the
ground and an inversion lid at some height above the release
elevation.

ANALYTICAL DESCRIPTION

EGAD is developed by utilizing the same basic assumption and
mathematical approach employed by L. M. Arnett' to model whole
body gamma dose. The cloud of radioactive gas is assumed to
remain constant in size and shape during its passage with respect
to a dose receptor. The space distribution of radioactive material
is then described by point sources moving parallel to each other
in a speed and direction dictated by the effective wind speed u.

With reference to Figure 1, the attenuation A of gamma photons
at a receptor R resulting from a point source element dS at K is

Ay = BT | g2 L g2y 2



where y = The air attenuation coefficient, m™!

a = The perpendicular distance from the dose receptor R
to the line described by the moving point source

u = Wind speed, m/sec

t = Time, sec

K = Moving point source

The intensity of photons (photons/mz—sec) at the receptor is then
given as '

B dS exp[-p(a? + u?t?)1/?]
am(a? + 4°t?)

I(t) =

where B = The buildup facter in air for gamma photons

cl

o
| jo N

n

(a2+0212)*
B

R

Ground Level

FIGURE 1 Geometrical Relations Between a Moving Point Source
Eiement dS and a Ground Point R

The total Dese for all t from the point source element
assuning the receptor to be at a sufficient downwind distance
x* {ux >10) becomes

+00

j' I(t)dt

-0

D(a}

v dS 'j* p expl-u(a® + 0t2)1/7) dt

-0

* This restriction may be removed for long-term average estimates
1f azimuthal homogeneity is assumed.



v = Dose conversion factor, (rem/sec)/(photons/m2 - sec)
Upon substituting (a? =+ ﬁztz)l/z/a = sec ¢

mj2
D(a) = ;ﬂgi .[ B exp[-ua sec ¢] dé

0

To estimate the total contribution from a cioud, this
expression must be integrated over the y-z plane in which a
is imbedded. The space distribution of material must therefore
be expressed as f (a) where

S = _[ f{a) da = 1 for a unit source
y-z plane

and dS = f(a) da
The total dose integral now becomes

b= Y 5G (ua)

2ma a

where G(ua) is the air attenuation kernel. This is essentially
the same as the expression developed by Arnett.

The air attenuation kernal G(ua) will take on different forms
depending on the expression used for the buildup factor B. The
form used in this application is

los)
I}

5 i
ooy (ua}
i=o

o

i polynomial coefficients determined from experimental data

For this form,

L
G{ua) = f [exp (-ua sec ¢) + ai(ua) sec ¢ exp(-pa sec ¢)
0

+ oy (ua)? sec? ¢ exp(-ua sec ) + az(ua)? sec® ¢

exp(-ua sec ¢)] dd



This expression is integrated analytically as described in
Appendix A,

G(ra) = Kij(ua) + [on(ua) + as(ua)’] K (ua) +
[oz + @3] (Ma)® Ki(ua)

where Ki; is the Bickley-Naylor? function of order 1, and Kn is
the Bessel function. The coefficients ¢i,3 are a function of
gamma energy. These coefficients are discussed in Appendix B

and listed for gamma energies ranging from 0.01 to 5 Mev.
Although the analytical form of G{ila) involves functions that are
difficult to evaluate, this form allows a computational time
reduction of about 80% compared to a 16-point Gaussian numerical
integration.

The space distribution of radiocactive material as f(a) is
assumed to be homogeneous in the horizontal and gaussian in the
vertical direction. For this condition

2 1 z - H)?
dS = f()’sZJ =‘\/;gzwﬁ exp[_ _(—-'_'——'2_-)_—]

20}

where f(y,z) = f{a)
and a = 2 4+ g2
H = Release height, m
W = Sector width, m

This expression yields the space distribution without
confinement in the z direction. To account for ground and inver-
sion reflections, reference is made to Figure 2. The effect of
the reflections is to produce a folding process such that the
concentration at a given point is the result of summations over
all folds. When modeling a Gaussion distribution, there will be
an infinite number of folds at each downwind distance, but the
attenuation hetween successive folds is usually sufficient to
require only a small number of reflections to accurately describe
the distribution at a point. This is shown in Figure 2 where all
the Pp, ; and P; ; are assumed to lie on a straight line with Pg
at a héight z when expanded in the x direction. The points are
actually coincident so the distribution at point P and height
z is obtained by

x(P) =P+ (PL,i * R0 i)
i=1

- 10 -



where % (P) = The space distribution at P
PO = The unreflected contribution at P
P, . = The contribution from the ith 1id reflection

P, . = The contribution from the ith ground reflection

which may be more specifically described by

¥ (P) a/%- gl— {exp (-aé/m;) +
z

exp(—aé,i/ZU;):}

where the o's are expressed as in the following table. The
parameter W has been omitted to make the expression independent
of sector width assuming the space distribution in adjacent
sectors to be similar. Also, unit wind velocity has been assumed.

rd 7 7
| Vs | v | V4
o Plie Fo.207 Flay
- v 7/ I
Inversion Lid (L* Z)‘,/ s s inversion Lid
. g,

?
z
l ~_PpP! N h
. \?GJ WPl “Ps,3

FIGURE 2 Development of Ground and Inversion
Lid Reflection Components
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i 51 R AT %G,i %.,1 ~ %,i-1
1 {(L-H)+ (L-2z) - H+z -

2 (L-H)+L+z 2z H+L+ (L-2) 2(L-z)

3. (L-H)+2L+({L-z) 2(L-2) H+2L+z 2z

4. (L-H)+3L+z 2z H+3L+ (L-2z)  2(L-z)

5.  (L-H)+4L+ (L-z) 2(L-2) HedLez 2z

From this table the following expressions are obtained that
provide an efficient means of computer programming.

o, =2z - H

&
It

L.i [(i+1) - ML - H + (-1)5L z

G,i [(i'l) +'@m1‘+ H + (—1)1-1 Z

4
I}

£
=
@
R
[0']
[
It

Inversion lid height, m

(:)= {1+1) modulo 2 which can only take on the values 0O and 1.

Thus the final! expression is obtained that is solved in EGAD.

=+l

D=—!— f(z) - f 9-—%-&—-)- dydz

AR y=10

where f(z) f\/g (—j}— {exp- (_(_Z,z.é,;;_)i) -

z
2

w . i
T exp [__%([(1»,1) —M]L;H+ (-1) z)}+
i=1

z

ST

Z

. i+l z
exp [ %(1(1-1) MIL : H+ (1) z) ]}

=
EH
f—
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Calculations are terminated when successive terms yield an
insignificant contribution to the total integral.

For large values of ¢, {0, > 2L) a homogeneous distribution
is assumed in the vertical direction and f {z) is a constant.

£(z) = 1/L

Integrations are performed in cartesian coordinates to take
advantage of the fact that the distribution function is always
constant for a given value of z. Integrations are performed
numerically by the gaussian quadratures method.

INPUT REQUIREMENTS

Input to EGAD is kept as simple as practical to obtain the
required data with a minimum of effort by the user. Input is
described according to card type in the sequence demanded by the
program. An input format specification is also given for each
card type.

Card Type (Format) Input Description

1 (20A4) TITLE - Up to eighty columns of alpha-
numeric data to identify output

]

(14) NGAM - The number of gamma energies being
considered in this problem 1 < NGAM <10

3 7E10.3 GAMEN (I} - The gamma energy for which the
polynomial coefficients are provided, Mev

GMU (1) - The air attenuation coefficient
for this energy, m”’

AGAM(I) - The actual gamma energy for
which dose integrals are to be obtained, Mev

GAMEN should be chosen such that the energy
difference between AGAM and GAMEN 1is
minimized.

AGNU(I) - The dose conversion factor for
AGAM, (rem/sec)/ (photons/m%-sec)

COF(J,T) - The polynomial coefficients
for AGAM(I)

There must be NGAM cards of Type 3.
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Card Type (Format) Input Description

4 6E10.5 HS - The effective release height, m
HL - The inversion 1id height, m
YLIM - The integration limit for cross-

wind or y direction measured from the
plume centerline, m. If zero is input,
the code will assign a value of 1 km.

SINC - The value by which 0, is incre-
mented to obtain a dose integral table

as £(o,), m. The first calculated result
will be for o, = SINC

CRIT - Calculations for a given energy
are terminated when (D; - Di_1)/D; < CRIT
where D is the dose integral.

DMAX - The maximum number of ¢, increments
permitted for a given energy. This may
be overridden by the above cenvergence tests.

OUTPUT

Calculated dose integrals are provided for each gamma energy.
The calculated dose integrals are the result of assuming a source
term of 1 Ci released to the atmosphere. As previously noted,
these integrals are also independent of sector width, wind speed,
and radioactive decay. Printed output is provided up to the
maximum permitted number of calculations. Calculations within a
given energy may be terminated either by meeting the convergence
criterion or when o, > 2L. In either case, the last calculated
values are printed, and it may be assumed that this value remains
constant for larger values of G;. All calculated values are
stored within core according to gamma energy and ¢, value as a
doubly subscripted array. In the case where the calculations
for a particular energy are terminated before the array is full, ¢
the array is filled out by using the last calculated value for
that energy. This is to facilitate the use of these data in
other programs if it is desired to do so.

- 14 -



APPLICATION

EGAD will probably be most useful as a subprogram in support
of a larger and more comprehensive dose calculational procedure.
It is currently being used at Savannah River to generate dose
integral tables as a function of o, and energy. These tables are
used in the processing of measured meteorological data to estimate
environmental effect of long-term radicactive releases, A value
of 0z, the vertical dispersion parameter, is abtained from pro-
cessing the meteorological data, and from this an interpolated
value of the resulting dose integral is obtained. Decay corrections
as a function of the measured wind speed are also available from
previous data analyses. When previous data analyses are not avail-
able, decay corrections may be easily generated according to the
isotope being considered. This method is very useful where it is
necessary to process a large set of meteorological data to generate
estimated effects of long-term releases. In the Savannah River
application, interpolated values of the gamma dose as a function
of meteorology are obtained at a rate in excess of 20,000 per
second including process time for the meteorological data.

EGAD is alsc expected to be useful in providing dose integral
tables that may be used in manual efforts to estimate man-rem
exposure., A relatively small number of computer calculations
could serve as a basis for estimating effects for a variety of
conditions if both gamma energy and ¢, are interpolated. Dose
integrals are easily related to man-rem by calculating DANQ/WG

where
D = Dose integral
A = Attenuation factor due to radioactive decay
N = Population in sector
Q = Source term, Ci
W = Sector width, m
u = Effective wind speed, m/sec

A listing of the FORTRAN program is included with the sub-
program necessary to evaluate the special functions described in
Appendix C. A sample output is also provided to serve as a check
calculation for possible users.



Computer time required to evaluate any particular dose
integral is a function of the inversion lid height, release height,
and ¢,. These parameters determine the number of terms of the
infinite summation expression that will be computed. Typical
calculations require about 400 msec as an average. Sufficient
accuracy could probably be obtained with an 8-point gaussian
quadrature integration instead of the 16-point scheme actually
included in the program. With the 8-point scheme, the average
time to compute dose integrals would be about 120 msec for the
IBM 360/65.



APPENDIX A

Relationships Between Secant Integrals,
Bickley-Naylor Functions, and Bessel Functions

The mathematical expression developed in EGAD to account for
air attenuation and buildup of gamma photons is

T/
(1) G(na) = J/ exp (-va sec 9) + o, (1a) sec ¢ exp(-ua sec §) +

0

a, (ka)? sec” ¢ exp(-ua sec ¢) + a,{pa)® sec® ¢ exp(-ua sec )

The linear air attenuation coefficient, m™!

H

where U

a = The distance from the source point to the point of
exposure to gamma photon, m

This expression is a summation of ascending orders of Secant
integrals which are shown to be contained in the general class of
integrals described hy Bickley-Naylor. From the fundamental
definition:

o]

(2) Ki_ (x) = exp(-x cosh u) du
n coshl u
0

by letting cosh u = sec ¢

cosh™! sec ¢
sec ¢ do

u

du

the integrand is transformed to
m/2

(3) ki (x) = f sect™ ¢ exp(-x sec $) do

0
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The attenuation kernal therefore becomes
(4) GQua) = Kiy(ua) + oa(ua)Kio(ua) + o (a)’Ki _,y(na) +

0s (pa)d Ki(_z)(ua)

The modified Bessel functions of the second kind according to
Ref. 3 may be expressed as

oo
(5) Kn(x) = jﬁ cosh(nu) exp(-x cosh u) du
0
Upon comparison with Equation 2 it is seen that

(6} Kipg(x) = Ky(x) and

(7) Ki () = Kix)

To evaluate the Ki(_z) function the Kin recurrence formula involving
four successive values of n is used

(8) nKi(n+1)(x) = (n—l)Ki(nhl)(x) + X [Ki{n_z)(x) - Kin(x)}

For n = -2

Ki(ql)(x)

X

(9) Ki_,, 00 = + Kio () = S g

so that the final expression for the attenuation kernal is
determined as

(10} G(ua) = Kip(ua) + [oi(ua) + osz(ua)’®] Ko(ua) +

[ae + a3)(Ma)? Ky (ua)

- 18 -



APPENDIX B

Evaluation of Gamma Buildup Factors
for an Energy Range 0.01 to 5.0 Mevy

The accuracy of dose integrals as calculated in EGAD is highly
dependent on an acceptable mathematical representation of gamma
buildup factors as a function of energy. In this applicaticn
reliance was placed on the use of experimental“ data and polynomial
regression analyses for analytical representation. The form of the
analvtical expression for the buildup factor B was taken to be

[wv]
W

n .
> % (va)”
i=0

where U = The linear air attenuation coefficient, m !

a = Distance from source to recepteor, m

and o, = The polynomial coefficients to be determined from
experimental data

In the regression analyses, values of n=2 and n=3 were used.
Results showed the third-degree polynomial to be markedly superior
to the second degree. Although a use of the third-degree expression
made it necessary to define an additional special function for the
evaluation of the attenual kernal in EGAD (Appendix A}, the new
function was defined in terms of the same functions used for the
second-degree expression. Increased accuracy was therefore obtained
at little or no sacrifice in computing time as related to dose
integral calculations.

Values of the experimental data from Reference 4 are included
as Table I. In the regression analyses it was desired to minimize
the percentage differences between analytical and experimental
determinations of B. For most practical applications the most
significant contributions to dose are obtained for values of na
that are small (<l1}. Due to the nature of the experimental data,
inverse square weighting as a function of pa yielded the best results.

Calculated values of the ¢4 as a function of energy are pre-
sented as Table II., These values relate directly to the experimental
data of Table I except for instances where interpolation was per-
formed to obtain a uniformly structured set of coefficients., It
was also assumed safe to extrapolate the data to 5 Mev since other
experimental data indicate a smooth behavior in this energy region.

- 19 -



The last column gives the maximum percentage deviation from the
experimental data as a function of pa. The maximum deviation for
any energy 1is seen to be less than 5%.

Interpolation may be used to obtain data for energies inter-
mediate to those tabulated, or alternatively, sufficient accuracy
for most applications may be obtained by using the set of coef-
ficients nearest the gamma energy of interest.

TABLE I

Experimental Buildup Factors® for Various
Gamma Energies and Attenuation Lengtns (a)

Gamma
Energy, Experimental Buildup Factor for
Mev pa=1  pa=2  pa=4 pa=7  pa=10 pa=I15 ua=20

0.015 1.17 1.25 1.36 1.46 1,54 1,58 1.91
0,02 1.41 1.62 1.94 2.25 2.51 2.75 3.51
0.03 2.24 3.189 4,87 7.09 9.21 12.5 16.5
0.04 3.33 5.86 11.5 21.1 32.2 54.3 81.5
(.05 4,25 8.72 20.8 46.1 80.7 162 279
0.06 4.75 10.8 29.4 74.6 144 327 620
0.08 4,81 12.0 38.2 115 252 675 1463
0.10 4.48 11.4 38.5 124 285 811 1835
0.15 3.72 9.2 31.7 106 252 745 1730
0.20 3.27 7.73 25.6 83.9 196 564 1278
0.30 2,85 6.22 18.6 54.4 116 293 592
0.40 2.60 5.37 14.9 40,3 81 193 370
0.50 2.44 4.82 12.5 31.3 59.5 130 233
0.60 2.33 4.45 10.9 26,0 47,7 99.6 172
0.80 2.18 3.94 8.86 19.3 33.4 64.2 104
1.0 2.08 3.60 7.59 15.6 25.7 46,8 72.5
1.5 1.52 3.09 5.85 10.8 lé.e 27.6 39.7
2.0 1.81 2,78 4.92 8.55 12.5 19.8 27.4

. Obtained from Reference 4
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TABLE II

Polynomial Coefficients for Experimental Buildup Factors
in Air for Various Gamma Energies

Energy, Polynomial Coefficients® Maximum
Mev Gil Oz &3 Error, %
0.01 0.010390 0.001476 -0.00005806
0.015 0,15203 -0.014892 0.00048165 + 3.0
0.02 0.37474 ~{.033582 0.0010654 - 4.8
0.03 1.2270 -0.062247 0.0020127 - 3.3
0.04 2.25453 0.087363 0.000024697 - 0.7
0. 05 2.7914 0.50776 0.00205%0 - 1.8
0,00 2.82806 0.95464 0.021414 - 1.5
0.07 2.7311 1.1531 0.065927
0.08 2.5499 1.20321 0.11115 - 2.8
0.09 2.3605 1.1929 0.13581
0.10 2,2857 1.0838 0.16117 - 3.6
0.15 1.8347 0.76133 0.16473 - 4.0
0.20 1.511% 0.66560 0.117g82 - 2.9
0. 30 1.1522 0.65758 0.037897 + 0.4
0.40 1.0503 (.53489 0.016602 + 0.7
0.50 0.98982 0.45070 0.0038726 - 0.7
0.60 0.96881 0.37066 0.00030405 - 0.7
0.70 0,95120 0.30658 ~-0,0018535
0.80 0.94226 0.25805 -0.0025008 - 1.4
.90 0.91047 0.22280 -0.0030863
1.0 0.91686 0,18630 -0.0027652 - 1.6
1.5 (), 8506% 0.091974 -0.0019336 - 1.7
2.0 0.77928 0.050457 -0.0011975 - 1.5
3.0 0.66827 0.0085488 -0.00015847
4.0 0.57420 -0.0061698 0.00021643
5.0 0.50899 -0.014566 0.00046705
d. g = 1 for all energies.
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APPENDIX C
EGAD FORTRAN Listing and Sample Problem

C PROGRAM TO COMPUTE DOSE INTEGRALS FOR MATERIAL CONFINED WITHIN SECTOR
C BOUNDARIES AND WITH GROUND AND INVERSION LID REFLECTIONS
C
ISN G002 DIMENSION G{16)sH{16)TITLE(20),6MU(10),COFI13410},GAMENL10}
1SN 0003 DIMENSION AGNU{10})sSPNI10+200),AGAM{10}
C
ISN 0004 DATA G/ W4529954E-2422TT125E=1,4618440E~1¢.122298,.191062,.270992,
1 4359198, 44524944+ .9547506,.640802,.729008,.808938,.877702,.93281¢6,
2 29722884 .994T00/y H/ 20135762,4.03112684.0475792:+0623145,
3 J0747980,.08457826,.0913017,.0947253,.0947253,.0913017,.0845783,
4 J0T479804.06231454.0475793,.0311268,.0135762/
ISN 0005 CALL CLEAR {SPN,2000Q}
ISN 0006 P1=3.141593
ISN 0007 MSIZE=200
C
[ MSIZE IS THE ABSOLUTE MAXIMUM ALLOWED CALCULATIONS FOR A GIVEN
C ENERGY s CORRESPONDING TO THE ARRAY SIZE OF SPN
¢
C
C
c
[
ISN 0008 PI32=12.%P1)*#%].5
ISN 00609 NGAS=16
ISN 0010 CONG=3.T7E10
ISN Q011 SQ2PI=S5QRT{2.%*PI)
I5N 0012 READ (5,101) TITLE
1SN 0013 WRITE(64200) TITLE
ISN 0014 READ(5,102) NGAM
ISN 0015 DO 1 I=1,NGAM .
ISN 0016 1 READIS,103) GAMEN(I}+GMULL) +AGAMIT)¢AGNULI Y, (ICOF(J,1)ed=1,3)
ISN Q017 REAU{S,103) HS+HLsYLIM,SINC,CRITDMAX
ISN 0018 SGMX=2%HL
I5N 0019 IF{YLIM.EQ.O) YLIM=1.E3
ISN Q021 NSIG=DMAX+.01
ISN Q022 WRITE(6,203) HS+HL s YLIM,SINC,CRITNSIG
ISN 0023 WRITE(6+204)
ISN 0024 WRITE(64205) (GAMENTI),GMUIE} JCCOFL1)2d=143) s AGAM{T) AGNULL),I=1
1 r NGAM)
{SN Q025 WRITE(64206)
C
C
ISN 0026 DO 30 NG=1,NGAM
1SN 0027 SIGI=0.
ISN 0028 DSAY=SPNING,1)
ISN Q029 DO 20 M=1,NSIG
ISN Q030 SIGI=SIGZI+SINC
ISN 0031 CON=2./(PI32%S]IGZ}
IS5N Q032 ZLIM=HS +3,*5IGZ
ISN 0033 IMAX=ZLIM
ISN 0034 IF{ZLIM.GTLHL) ZLIM=HL
[ GAUSSIAN QUADRATURE INTEGRATION ORDER 16 — TWO DIMENSIONAL
1SN Q036 SUM1=0.
ISN Q037 DG 10 I=1,NGAS
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APPENDIX C (continued)

SUM2=0.

Z=G{I)*ZLIM

IF{SIGZ.GT.SGMX) GO TO &

ZF1=EXPA—0.5%{ (Z~HS5)/51GZ)1%%2)

ZS5UM=2F]

DO 2 L=1,10

MZ=L+]

MZ=MOD{MZ,2}
ZF={{IL+1-MZ)*RL~HS+{=~1.)*%%L%Z)/STIGL)**2.
IFIIZF6Ta20.)0RUZFGTZMAX) ) GO TO 3
ZF2=EXP(-0.5%2F}

ZSUM=2ZSUM+IF2

DO 4 1L.=1,10

MZI={+1

MZ=MODIMZ,2)
ZF=(((L-1+MZ)*HL+HS+{— 1. J*&*{L+1})/STGZ}**2
IF{{ZF+GT 204, ) ORW{ZF.GTLZIMAX))} GO TO 5
ZF3=EXPI-D.5%2F)

ZSUM=2SUM+ZF3

Z5UM=Z SUM*CON

GO 10 7

ZSUNM=1./(PI*HL)

D0 8 J=1:NGAS

Y=G(JI*YLIM

A=SQRT{Z*Z+YSY)*GMU(NG)

[FIA.GT.20.) GO TO 8

CALL BESK{A,BKO:BK1,8KI1)

Al=A

A2=A%A

A3=AL%AZ

COFL=COF(14NG)

COF2=CAOF{2,NG)

COF3=COF(3:NG)
GF=(BKI1+{COF1*AL+COF3*A3)¥BKO+{COF2+COF3)1%A2%BKL) *GMUING}/A
SUMZ2=SUMZ+GF*H({J)

CONTINUE

SUM1=SUML+ZSUM*HIT ) *SUMZ

CONTINUE

SPNING +MI=SUMLI*ZL IM*YL IM*CONG*AGNUING)
DTEST=ABS{{SPNINGsM)-DSAVI/SPNING,M))
DSAV=SPNING +M)

IF{{DTEST.GT.CRIT).AND« {MLT.NSIG)) GO TO 20
WRITE{(6,201) AGAM{NG)+SINC

WRITE(S,;202) (SPN{NG MM) ,HM=],M)
[FIMJ,EQ.MSIZE) GO TO 30

LM=M+1

DO 15 MM=LM,MSIZE

SPNING+MM)=SPNING M)

GO TO 30

CONTINUE

CONTINUE

FORMAT (2044)

FORMATI{2014)

FORMAT(8EL10.4}

FORMAT(Y1',20X,20A4//)

FORMAT{'ODDSE INTEGRALS FOR®,F6.3,' MEV AT SIGMA I INTERVALS OF*,



APPENDIX C (continued)

1 F4.04" METERS",/)
202 FORMAT(1P10El13.3)
203 FORMAT{20X,"RELEASE HEIGHT =',F5,0,* METERS*/,
20X *INVERSION LID HEIGHT =*,Fb.14* METERS'/,
20Xy 'Y INTEGRATION LIMIT =';F6.0,' METERS'/,
20Xy 'SIGMA Z IS5 INCREMENTED BY'®,F5.0,' METERS'/,
20Xy "CONVERGENCE CRITERION =",Fb6.4/,
20Xy " THE MAXIMUM NUMBER OF SIGMA INCREMENTS =t,I4/)
204 FORMATI28X+'TABULAR ENERGY DATA"32X,"ACTUAL ENERGY DATAY/,
1 15Xe48{°=")4s15Ks18("=2)/,415X," E; MEV AIR ATTEN POLYNOMIA
2L COEFFICIENTS's15X,'Es MEV DOSE CONV'/,
316X EBL ") 44X 290 =" )2 13X TL?=*] ,3X,7(*-")])
206 FURMATL//)
205 FORMAT(13X,1P5E11.3,10Xs2E10.3}
sTOP
END

VPN e
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APPENDIX C (continued)

SUBRODUTINE BESKIX,BKO0,BK1l,BKI1l)
DIMENSION TH12)
BKO=0.
BK1=0.
IFIX—1.136436,25
25 A=EXP{-X])
B=l./X
C=SQRT(H)
T(1)=8B
DO 26 L=2,12
26 T{L)I=T{L-1)=*B

COMPUTE KO USING POLYNOMIAL APPROXIMATION

27 GO=A%{1.2533141~.1566642*T(1)+.08811128%T(2)-.09139095%T(3)
2+.1344596%T {4)~,2299850%T(5)+.3792410*%T{6)-.524T727T*T{T)
3+.5575368%T(B)=.42620633%T(9}+.2184518*T(10)-.06680977+T{11)
4+.009189383%T(123)*C

28 BKO=GO

COMPUTE K1 USING POLYNUMIAL APPROXIMATION

29 Gi=A¥{1.2533141+.469992T*T{1)~.1466583%T{2}+.1280427*T(3)
2—.1736432%¥T(4)+.2847618%T{5)~.4594342*T(6)+4.6283381%7(7)
3-.6632295%T{8)+.5050239*T(9)~.2581304%T(10}+.07880001*T{11}
4=.01082418%T{12))*C

30 BK1=Gl

G0 TO 60

36 B=X/2.
A=,5T7T2157+ALOG(B)
C=0*p

COMPUTE KO USING SERIES EXPANSION

37 GO=—A
X2J=1.
FACT=1.
HJ=.0
DO 40 J=1,6
Rd=1./FLOAT {J)
X24=K2J%C
FACT=FACT*RJ%*RJ
HJ=HJ+RJ
40 GU=GO+X2J*FACT*{HJI-A}
42 BKO=GO

COMPUTE K1 USING SERIES EXPANSION

43 X2J=8
FACT=1.
Hd=1.
Gl=l./X+X2J%(.5+A—HJ)
DO 50 J=2,8
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420

540
550
560
570
580
590
600
620
630
640
650
660
670
680

720
730
140
750
760
770
780

980
390

BESK1000
BESK1010
BE5K1020
BESK1030
BESK1040
BESK1050
BESK1060
BESK1070
BESK1080
BESK1090
BESK1100

BESK1140
BESK1150
BESK1160
BESKL11l70
BESK1180
BESKLEL190
BESK1200
BESK1210
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APPENDIX C {continued)

RJI=1./FLOAT (J} BESK1230

FACT=FACT*RJ*RJ BESK1240

HJ=HJ+RJ BESK1250
50 Gl=Gl+4X2J*FACT*{.5+(A-HJ)*FLOAT{J4)) BESK1260
52 BK1I=Gl

COMPUTE BICKLEY-NAYLOR FUNCTION KI OF ORDER 1

60 IF{X.LT.0.5) GO TO 64
IF{XalTa2.4) GO TG 63
IFIX.LT.5.9) GO TO 62
IF{X.LT«%9.4) GO TO 61
A=EXP{-X)
C=5QRT(1l./X)
BKIL1={1.253314%A/C)*(1.+1-.625+,803683/X1/X)
60 10 70
61 SUML=X* (X% (X¥(—.1695446E-5)+.6393034E-4)-.8261898E-3}+.6606856E-2
SUMZ=X¥{ X*{ X¥{X* (40023728060 ~.03531575)+.2442256)-.7806482)+1.
BKI1=SUM1/5UM2
60 70 70
62 SUML=X*(X*({X¥{-.001137023}+.03061024)-.2895912}+.965721
SUM=X® I X:{ X% {X¥(.0395732)-.03979183)+.7326127)+.4511824)+1.
BKILE=5UMl/SumM2
GO TO 70
53 SUML=X#®(X*%{-.110B377)+.5157T86)}+1.4846T4
SUM2=X*{X¥ [ X*{X*¥ [ X¥{.0TBT9607)+,0195582)+.9487851)+1.2504993)+
1 2.45835)+1.
BKI1=SUML/SUMZ
GO 1O 70
64 SUML=X¥(X*{XkEXH{X*{—.2T10254E8)+.1344T14E1Q)+.166T065E9)+.2989166
1 E7)+7523.557T)+1.570796
SUMZ=X#F{ X (XU XF(X*(X*(X#{ 2629151 2E9}+,TO09T694ES I +.1891334E10)+
1 «1167903E10)+,1136180E91+.1928012E7)+4796.828)+1.
BKIF=SUML1/S5UM2
70 RETURN

END BESK 1300
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APPENDIX C {continued)

CHECK PROBLEM ON GAMMA CALCULATIONS FOR SECTOR AVERAGED APPLICATION

RELEASE HEIGHT = 70.

INVERSION

METERS
LID HEIGHT = 300.0 METERS

¥ INTEGRATION LIMIT = 1200+ METERS
SIGMA Z 15 INCREMENTED BY 50. METERS
CONVERGENCE CRITERION =0.0001

THE MAXIMUM NUMBER OF SIGMA INCREMENTS

TABULAR ENERGY DATA

= 100

£+ MEV AER

ATTEN POLYNOMJIAL COEFFICIENTS
1.000E 00 8.200E-03 9.169E-01 1.863E~01 ~2.765£~03
2.000E 00 5.750£-03 7T.793E-01 5.046E-02 -1.197E-03
5.000€ 00 3.550E-03 5.090E-01 —-1.457E-02 4.670E-04

DOSE INTEGRALS FOR 1.000 MEV AT SIGMA Z INTERVALS OF 50. METERS

l.5ULE-03
T«B9LE-04

1.734E-03
T+896E—04%

DOSE INTEGRALS FOR 2.000 MEV

2+963E-03
L.573£-03

3.370E-03
L.574E-03

DOSE INTEGRALS FOR 5,00G MEV

64219€-03
3.344E-03

6,.931E-03
3.347E-023

la145E-03 F9+430E-0% 8. 483E-04
T«BTZ2E-04 T+8T2E-04

AT SIGMA Z INTERVALS OF 503. METERS
2. 273E-03 1.880E-03 1.693E-03
1.569E~03 L.569E-03

AT SIGMA Z INTERVALS OF 50. METERS
4.811E-03 4. 000E-03 3.608E-03
3.335-03 3.335E-03

8.116E-04

1.620E-03

3.450E-03

ACTUAL ENERGY DATA

DOSE CONV

Ey MEY

L.000E 00 4+960E—-14
2.000E 00 B.B20E-14
S«000& 00 1.610E-13

T.989E-04 T+941E-0%
1.594E-03 1.583E~-03
3.392£-03 3.369E-03

T.918E~04

1.5T9E-03

3,358E-03

T.905E-04%

1.576E-03

3.351E~03
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