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Abstract. Calculations of exteanal y-doses from radicactivity
released to the atmosphere have been made using different dose
buildup 4actor formulas. Some of the dose buildup factor for-
mulas are used by the Nordic countries in their respective y-
dose models. A comparison of calculated y-doses using these dose
buildup factors shows that the,y=-doses can be significantly
dependent on the buildup factor formula used in the calculation.
Increasing differences occur for increasing plume height, cross-
wind distance, and atmospheric stability and also for decreasing
downwind distance. It is concluded that the most accurate y-dose
can be calculated by use of Capo’s polynomial buildup factor
formula. Capo~coefficients have been calculated and shown in
this report for y-energies below the original lower limit given
by Capo. '
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1. INTRODUCTION

In the calculation of external gamma doses from a radioactive
plume the dose buildup factor accounts for the contiibution of
scattered gamma radiation to the total absorbed gamma dose at
a given location.

- It has been assumed (THY78, THY79, HE74, GO73, HEN69 and HOV69)
that one of the reasons for observed differences in the calcu-
lated gamma doses from various dose models is caused by the use
of different dose buildup factor formulas in the models.

To study this effect, calculations have been made using differ-
ent dose opuildup factor formulas. The study has been done as a
part of the current work going on in the Nordic working group

sNODAS )
concerning the Nordic dose models.

. The purpose of this work is to define recommendations

2. ASSUMPTIONS FOR THE CALCULATIONS

The gamma doses in this report are calculated from:

-—-1———— e-”rxdydzdx (radeci”

¢ B(E_,ur) 1
, [ )

D = konsroF‘ -.—o I I
o -

*)SNODAS is an abbreviation of: "Samordning af NOrdiske Dosis~
beregninger og Atmosfariske Spredningsberegninger (Co-ordination
of Nordic dose calculations and atmospheric dispersion calcu-
lations) and is a wcrking group set up in May 1975 with partici-
pation from Sweden, Norway, Finland, and Denmark.



where the relative time-integrated concentration is given by:

wflz)
- et [omef )+ e B0 e

and
L are the dispersion parameters (m]
E, is the photon energy [Mev-fot 1]
4 is the photon yield [fot-dis°1]
u is the linear attenuation coefficient for air (m 1]

/0 is the mass-energy absorption coefficient for air

(m.g7l)

Hen

B(Ey,ur) is the dose buildup factor for air for a point
isotropic source

r= [(x-xl)2 + (y-yl)z + (z-zl)zl’5 is the distance from a
plume volume element to the detector point (m]

(x,y,2z) are the coordinates of the volume element [m]
(Xy+¥,,2;) are the coordinates of the detector point (m]
u is the wind velocity [m-s~1]

H is the effective release height [m]

Further details of the dose model can be found in (THY80).



2.2. Release situations

Gamma doses are calculatad for a unit release under 3 different
meteorological conditions:

I. Atmospheric stability: Pasquill A
Wind velocity: 1 m/s
Release height: 20 m and 100 m»
No inversion laver
No deposition

II. Atmospheric stability: Pasquill C
Wind velocity: 1 m/s
Release height: 20 m and 100 m
No inversion laver
No deposition

III. Atmospheric stability: Pasquill P
Wind velocity: 1 m/s
Release height: 20 m and 100 m
No inversion layer
No deposition

The duration of the release is assumed to be 1800 seconds, and
celeases of 1 Ci of 4 Qifferent “fictive"™ jisotopes are con-
sidered. The isotope data and the attenuation/energy absorption
data for air used in the calculations are shown in Table 1.

Table 1. Isotope data and attenuation/energy absorption data
for air.

E, Y b Ven/?
No. [Mev-fot™l] (fotedis™}] [(ml] [cm?.g”l)
Isotope 1 0.04 1 0.0315 0.0657
Isotope 2 0.38 1l 0.0128 0.029%4
Isotope 3 1.09 1 0.0079 0.0273
Isotope 4 2,53 1 0.0050 0.0217




2.3. Dose buildup factors

The simple definition of the buildup factor is the ratio of any
desired quantity characteristic of the total gamma ray flux (e.g.
gamma dose) to the same quantity characteristic of the un-
scattered flux.

Applying the above definition, the dose buildup factor is the
ratio of the total dose or dose rate at a qgiven point in a given
medium to the dose or dose rate at that point due to unscattered
flux.

The buildup factors are very useful since calculations making use
of them are relatively simple and yield fairly accurate results.
Different functions are used to estimate dose buildup factors,
and in this study five different forms have been used.

= Linear form

- Quadratic form
- Berger form

- Capo form
Jalich form.

2.3.1. Linear form
One of the formulas used earliest for the buildup factor was
the linear form given by '

B(E,uR) = 1 + K(E)uR

where
E is the photon energy [Mev fot-ll
u is the linear attenuation coefficient [m-ll
R is the distance to the source {m]

In this report K(E) for air is calculated from

u(E) - u__(E)
m ﬁ?“ (4)

en

K(E) =




vhere Yen is the linear energy absorption coefficient. The
values for p and Hen 2re taken from Table 1.

2.3.2. Quadratic form
The quadratic formula for the buildup factor is given by

B(E,uR) = 1+A) (E)UR + A,(E) (uR)Z )

The values of A; and A, are given by Taubey (TRU66) for water at
photon energies above 0.255 MeV. As the effective atomic number
for water is approximately identical to the effective atomic
number for air, the buildup factors for water and air will be

nearly identical.

2.3.3. Berger form
The formula for the buildup factor introduced by Berger is given

by

B(E,uR) = 1+C(E)uR eD(E)MR (6)

The value of C and D are given by Taubey (TRU66) for waﬁer at
photon energies above 0.255 MeV and by Vaubef (VRU73) for air
at photon energies from 0.020 MeV to 6 MeV.

In this report values from Trubey are used for energies above
0.255 Mev and values from Vrubel below 0,255 MeV.

2.3.4. Capo form
The Capo formula for the buildup factor is a bivariant polynomial

given by

3 4
B(E,uR) = § ] ¢

-3 i
. E (uR) (7)
1=0 §=0 13

which can be re-written as a 4~term polynomial



3
B(E,uR) = | 8, (um)?t (8)
i=0
where
) -3
B, = C.. E (9)
1758 13

Capec (CAS8) has published a rather complete set of coefficients,
cij' for many materials including water. For water the coef-
ficients are given for energies above 0.255 MeV.

Unlike all other formulations of the buildup factor, Capo's co-
efficients result in an expression which does not reduce exactly
to one for puR = 0. However, the Capo formula has the advantage
that one may generate a set of B-values for any energy.

The Capo-coefficients were derived by the method of least
squares fit to the basic data for dose buildup factors given by
Goldstein and Wilkins (GO54). :

2,3.5. Jilich form

Vogt (VO70) derived a formula for the dose buildup factor for
air based on the data given by Golfdstein and Wilkins (GO54).
For two energy ranges the buildup factor is given by

E < 0.5 MeV:
B(E,uR) = 1 + 1.1 uR + (uR)? (10)

0.5 MeV < E < 2 MeV:
2

B(E,WR) = 1+ 4R + Ry (11)

‘E



3. DISCUSSION OF RESULTS

Calculated y-doses usinqg the 5 different buildup factor formulas
are shown in Figs. 5-28 as a function of downwind distance and
in Pigs. 29-100 as a function of crosswind distance.

The different buildup factors used deviate from each other par-
ticularly at low energies, especiallv the linear and Jilich
forms. At higher enerqgies they all converge more or less to the
same value.

In Pigs. 1-4 the different buildup factors are shown as a
function of the number of mean free paths, uR, for photon
energies in the range 0.04 - 2,53 MeV.

When y-doses from a plume are calculated by use of two different
buildup factor forms Bl and By, then the difference between the
two sets of y-doses will increase as the distance from the
detector point to the plume, R, increases, if

B, (uR,) B, (uR,) B (uR,) B (uR,)
1'" 1 172 . 1 2
B, (WR,) ~ 1 ARy > 1 #R <Ry = B B, (WR,) B (iR,,)

If the downwind distance is called x, the crosswind distance y,
and the plume height h, this can be expressed as

D_(B,) D (B,)
Xy > X) = (EfTﬁiy) X, > (5$7§§7) x, (12)

D_(B D_(B

) )
yp > ¥ = (517§§y) > (517§§7)y (13)

¥y Y 1



O, (8y)y D (B)
= (), (), oo

or more generally

D (B, (ur)) B, (ur)
1) (15)

:: ( y \Balur B, (ur)

Looking at the calculated doses in Figs. 6, 8, and 10, and Fics.
44, 45, and 46, successively, the effect expressed in (12) is
clearly demonstrated as would be expe~ted from the appearance
of the buildup factors shown in Fig. 1. The effect is even more
marked for increasing stability, because - for a given dowmwind
distance - ti.e distance from the plume to the detector point
then increases. This is illustrated by looking at Pigs. 32, 38,
and 44, successively.

Looking at the calculated doses at Figs. 47 and 53 the effect
expressed in (13) appears. It is noticed -~ as seen from the
buildup ‘factors shown in Fig. 2 - cthat the calculated y-dose
using the linear buildup factor deviates bv zan increasing amount,
as the crosswind distance increases. The effect expressed in

(14) is apparent by looking at the doses at Figs. 9 and 10,
successively.

Por increasing photon energy the calculated doses using the
different buildup factors converge as expected, which is illus-
trated by looking at Figs. 10, 16, and 22, successively, and at
Figs. 44, 62, and 80, successively.



4. CONCLUSION

Most of the buildup factors in current use are based on the
fundamental work of Goldstein and Wilkins (GO54). Trubev (TRUG66)
concludes that the.Capo-polynomial buildup factor function gives
the very best fit of these basic data.

Besides, the Capo formula has the advantage that buildup factors
may be generated at any energy from the matrix of coefficients.
At a giver. energy, a repeated calculation of the buildup factor
for a numerical integration in a computer is as fast as using
the linear buildup factor, when the calculations are performed
with B = Bo+uR(Bl+uR(82+B3uR)).

Furthermore, it has been shown from the calculations that the
linear and the Jiilich buildup factors forms should be used with
some care, and not at low photon energies in any case.

It is therefore recommended that for calculating y-doseswfrom a

plume as well as from deposited activity on the ground, the
bivariant Capo-form should be used, given by

3 4 -
B(E,uR) = | ] Ciy (LT E J (16)
1=0 3=0

ané valid in the following ranges

0.255 MeV < E < 10 MeV
0 < uR < 20

The coefficients Cij are shown in Table 2.
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However, it is necessary also to calculate y-doses at photon
energies below 0.255 MeV. For this purpose a least-square fit
has been made to the buildup data for air as given by Vrubel
(VRU73). A S5-term polvnomial was used:

4

B(E,wR) = ] B (uR)' (17)
i=0

and fitted for the range
0 <uR < 1

The fit was made at seven photon energies below 0.255 MeV, and
the coefficients Bi are shown in Table 3. To make a better fit
the degree of the polynomial has been raised by one compared
with the original Capo polynomial.

It is recommended that these B-values are used for calculation
of y-doses at photon energies below 0.255 MeV.



Table 2. Capo coefficients for dose buildup factors

in water.

-11 -

Polynomial Coefficients, C

ij

i/i 0 1 2 3

0 1.01094 E+0 1.16772 E-1 ~7.65869 E-3 1.67068 E-4

1 ~-6.00394 E-2 2.32125 E+0 ~1.79023 E-2 5.69295 E-4

2 7.20778 E-2 =2.12801 E+0 2.41735 E-~1 -7.96332 E-3

3 -3.01498 E-2 7.67783 E-1 -4.34443 E-2 7.23758 E-3

4 3.94733 E-3 -9.08139 E-2 -1.34203 E-3 -9.87237 E-4

Table 3. B-coefficients for dose buildup factors in air.

0.04 9.999769E-1 2,189205E+0 1.631374E-1 5.579626E-3 2.090830E-4
0.06 1.010677E+0 3.119120E+0 6.896355E-1 2.376420E-2 8.212706E-3
0.08 1.038852E+0 2.,785472E+0 1.077117E+0 -2,146634E-2 2.352953E~2
0.10 1.054717E+0 2.338676E+0 1.182395E+0 -5,917086E-2 3.052626E~2
0.12 1.057473E+0 2.098229E+0 1.161661E+0 =-6.951280E~2 3,133146E-2
0.15 1,053050E+0 1.900506E+0 1.,065865E+0 -6,525791E-2 2.892497E-2
0.20 1.040584E+0 1.655762E+0 8,58323BE~1 ~4.527632E-2 2,244595E~2
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Calculations of exteanal y-doses from radioac-
tivity released to the atmosphere have been made
using different dose buifdun {actoxr formulas.
Some of the dose buildup factor formulas are used
by the Nordic countries in their respective y-
dose models. A comparison of calculated y-doses
using these dose buildup factors shows that the
y-doses can be significantly dependent on the
buildup factor formula used in the calculation.

height, crosswind distance, and atmospheric stab-
ility and also for decreasing downwind distance.
It is concluded that the most accurate y-dose car
be caltulated by use of Capo's polynomial buildu
factor formula. Capo-coefficients have been cal-
culated and shown in this report for y-energies
below the original lower limit given by Capo.
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