




reference data calculated by the SN 1 D code， and the dashed 
curve (method 1) the data obtained by equations (1)， (2) and 
(3) using the parameters determined for the water-iron and the 
iron-lead shields at 1 MeV As seen in Fig. 1， the approximating 
formula reproduces very wel1 the reference data. The maximum 
deviations observed are~ 10%. 
Figure 2 shows the dose buildup factors for the same three 
layer shields， but with 8 mfp ofwater followed by 3 mfp of 
iron and 14 mfp oflead. In this c蹴，the approximating formula 
overestimates the buildup factors in the lead shield by a factor 
of ~2. These large deviations are explained by the fact that the 
parameters determined for the iron-Iead shield at 1 MeV are 
not applicable anymore because of the degradation of the 
gamma ray energy spectrum in the frrst 8 mfp water shield. The 
energies ofthe garnma rays仕aversing8 mfp ofwater are lower 
than the source energy. Therefore， the method 1 of ca1culation 
does not always reproduce accurately the buildup factors in 
mu1tilayer shields composed ofmaterials oflarge thicknesses. 

2. General Expression of the Formula for Multilayer 
Shields.九fethod2 of Calculation 
The second method of calculation rests on a new physical 
consideration that takes into account in a global way， the 
degradation of the gamma ray energy spec佐umin each material 
回 versed.In this method， the N layer shield is divided into (N-
1) two layer shielels， and the total thickness of each double 
layer shield is replaced by an equivalent thickness ofthe second 

material. The buildup factors are calculated by Eqs. (1)， (2)， 
and (3) for each double layer shield. 
For example， the buildup factors of a three layer shield 
composed of X1 mfp ofwater followed by X2 mfp ofiron 

and X 3 mfp oflead are calculated by first applying Eqs. (1)， 
(2)， and (3) for a double layer shield composed of X1 mfp of 
water followed by X 2 mfp of iron. Then，合omthe result of 
this calculation， an equivalent thickness X' of iron is 
determined， and the buildup factors in the iron-Iead shield are 
calculated by the same equations but with X' mfp of iron 
followed by X 3 mfp oflead. 
The equivalent thickness X' is given by the following 
formula， 

B1(X1) 
B(X1 +X?) =一ιー~Bっ (X 1 +九)F(X1; X?) = B(X') 
且ム B2(X1) ん孟ム

~ ~ 
B2 (X')，.... rv' 

B(X'十九)= :~\:ーァB ， (X'+ X，)F(X';X，) = B(X勺
B3(X') J 

The solid curve of figure 2 (method 2) represents the dose 
buildup factors in the water-iron-Iead shield calculated using 
this method. As seen in Fig. 2， the approximating formula 
reproduces very well the reference data. The maximum 
deviations observed in the lead shield ar巴within10%. 

IV. Comparison MERCURE-6/SNID 

The formula using the second method of ca1culation has been 
incorporated in the new version of the MERCURE-6 point-

kernel code developed at CEA (Sac1ay France). The 

SUPPLEMENT 1， MARCH 2000 

495 

MERCURE-6 is a direct line-of-sight point kemel code which 
makes quick calculations of dose rates and exposures in 3 

dimensional geometry. The total response 仕oma point source 
is obtained by int巴gratingthe kemel over the source volume by 
a Monte-Carlo technique. To be coherent with the SN 1 D 
transport calculationsヲnewgamma-ray libraries of single layer 
buildup factors and cross sections were integrated in 
MERCURE-6 in a 195 energy岨group幽S廿ucture.The 195 energy-
group-structure is identical to the 218 energy-group-structure 

between 10 Me V and 40 ke Y. 
Figures 3， 4ラand5 show the dose rates in three layer shields 
composed of waterラiron，and lead at 10， 1， 0.511， and 0.04 
恥1eY.The solid curves represent the reference data ca1culated 
by SN 1 D and the discontinuous curves the data obtained by 
MERCURE-6. As seen in this figure， the dose rates calculated 
by MERCURE-6 are in very good agreement with those 
obtained by SNID for most cases. At 1 and 0.511 MeV， the 
maximum deviations observed between the two codes are within 
15%at20mやinboth the water-iron-Iead and the iron-water-
lead shields (Figs. 3 and 4). These deviations become ~25% 
and~20% at 20 mfp in the iron-Iead-water shield at 1 and 0.511 

MeV respectively (Fig. 5). At 10 MeV， the maximum deviations 
observed at 20 mfp are ~25% and ~5% in the water問iron-Iead
and the iron-water-Iead shields respectively. However， in the 
iron-lead-water shield the dose rates are underestimated by 38% 
at 20 mfp. At 0.04 MeV， the maximum deviations observed抗
20mfヤinthe water-iron-lead， iron-water-Iead， and iron田lead-
water shields are about 20%， 16%， and 25% respectively. It is 
important to note that all the deviations observed between SN 1 D 
and MERCURE-6 correspond to those seen in Ref. 7 for the 
double layer buildup factors. Thus the method 2 of calculation 
induces no additional errors and takes into account in a global 

way the degradation of the gamma-rays energy spectrum. 
Moreover.ヲ thelarge deviations observed in some cases are 
acceptable because they occur only at very deep penetrations 
(250 cm to 700 cm) 
Figure 6 shows the dose rates in five layer shields composed 
of8 mfp ofwater followed by 2 mfp ofiron， 10 mfp oflead， 8 
mfp ofwater and 2mやofironラat10， 1，0.511， and 0.04 MeV 
The continuous curve represents the data obtained by SN 1 D 
and the discontinuous curve the data obtained by MERCURE-
6 using the second method of calculation. The maximum 
deviations obse 

A new approximating formula for calculating the gamma 
ray buildup factors in mu1tilayer shields was proposed. The 
formula combines the buildup factors of single layer shields 
with products and quotients. 
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MERCURE-6/SNlD 
lron 5mfp + Lead 5mfp + Water 15mfp 

MERCURE-6/SNlD 
Water 5mfp + Iron 5mfp + Lead 15mfp 
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Fig. 5 Dose rates for three-Iayer shi巴Idsof5 mfp ofiron followed 

by 5 mfp oflead and 14 mfp ofwater at 10， 1， 0.511 and 
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Fig. 3 Dose rates for three-Iayer shields of 5 mfp of water 

followed by 5 mfp ofiron and 14 mfp oflead at 10， 1， 
0.511 and 0.04 MeV 
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Fig.6 Dose rates as for five-Iayer shields at 10， 1，0.511 and 
0.04 MeV. 
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Fig.4 Dose rates for three-Iayer shields of 5 mfp of iron 

followed by 5 mfp ofwater and 14 mfp oflead at 10， 1， 
0.511 and 0.04 MeV 
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