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FOREWORD 
(Nontechnical summary) 

In studies of fallout radiation environments anti in the development of fallout 

shielding methodology, the exposure rate 3 feet above an infinite ground surface uni¬ 

formly covered with 60Co is used as a basic normalizing parameter. The quantity 

often used as a measure of the exposure rate at a point is the buildup factor; that is, 

the ratio of the total exposure rate to the exposure rate contributed by photons which 

have not undergone a collision prior to reaching the point. Comparison of buildup fac¬ 

tors is advantageous, since absolute source strengths need not be known, and, since 

the uncollided component of the exposure rate can be accurately calculated for the 

infinite plane geometry, knowledge of the buildup factor permits easy calculation of 

the total exposure rate. 

Several experimental measurements and several theoretical calculations of the 

buildup factor 3 feet above a 60Co covered air-ground interface have been performed. 

The experimentally determined values range from 1.15 to 1.38, and the calculated 

values range from 1.15 to 1.23. To narrow this range of uncertainty, the study 

reported herein hypothesized factors that could contribute to the differences in the 

reported values, and consisted of a series of Monte Carlo calculations which were 

performed to confirm or refute these hypotheses. 

The results of the analysis indicate that the Monte Carlo procedure and the 

method of moments agree, and a value 1.21 ± .02 may be assigned to the buildup fac¬ 

tor 3 feet above an infinite air-ground interface uniformly contaminated with 60Co. 

Since differential angle and energy distributions of the photon number flux density were 

developed as a portion of the study, they are also tabulated in this report. 
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ABSTRACT 

A ivvit'w has bron madr of cxiutímontai and thoorettcal determinations of the 

l)uildup fat tor ;t feet al)<»ve an infinite air-ground interface uniformly covered with 

“Vo. Kxperimontal values of the buildup factor range from 1.15 to 1.38 and theoret¬ 

ically calculated values range trom 1.13 to 1.23. A new series of Monte Carlo 

calculations is reported that tests various hypotheses which could account for this 

range of uncertainty. It is concluded that the substitution of compressed air or water 

for soil (required in the theoretical method of moments) is valid and that any intrinsic 

differences between the moments method and Monte Carlo techniques can account for 

no more than a 2 percent difference in the estimation of the buildup factor. A best 

value of 1.21 ± .02 may be assigned to the buildup factor 3 feet above an infinite air- 

fiO ground interface contaminated with Co. Angle and energy distributions of the photon 

number flux density for this geometry are also presented. 

V 



I. INTRODUCTION 

There has been much interest in and effort devoted to solving the general prob¬ 

lem of gamma ray transport through materials. The basic theoretical problem to 

solve is that of a point isotropic source in an infinite homogeneous medium. An equiv¬ 

alent problem of special practical internst is that of an infinite isotropic source plane 

imbedded in an infinite medium, or on an Interface between two different media. The 

nuclear weapons fallout problem is a well-known example of the latter. 

In fallout technology, the buildup factor at a point 3 feet above the ground pro- 

fíO 
duced by a distribution of Co on the ground surface has been frequently referred to 

and used as a basic normalizing parameter. * Therefore, there are several measure¬ 

ments2,9, 19”21 and several calculations4"6,10, ^ 17»22 0f this quantity. 

These data are summarized in Table I and the geometry is illustrated in Fig¬ 

ure 1. For the experiments, the quoted uncertainties in the buildup factor are about 

15 percent, and there are experimental conditions which make the geometry less than 

ideal. Therefore, complete agreement with calculations is not expected. 

Some of the calculations were done with Monte Carlo procedures, and the others 

were done by the method of moments. The latter method can obtain results with 

errors as small as í 1 percent, but it requires that the composition of the "air" and 

"soil" both be the same, with only a difference in densities. A recent moments 

method calculation for Co and an air-compressed air geometry has obtained a 

buildup factor of 1.21 ± .01. 

* As this report was being edited, a related publication has appeared: E. T. Clarke, 
Gamma-Ray Scattering near an Air-Ground Interface. Nucl. Sei. Eng. 27:394-102, 
1967. 
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On the other hand, the Monte Carlo procedure can accurately simulate actual 

air and ac tual soil but. because of the ’.onp computer times required, the smallest 

,-,-ror obtained in the buildup factor is about í 3 percent. 

In addition to thr random errors in the calculations, then* are certain assump- 

I io,is XVhu h c ould lead to consistently different answers by the two methods, and not 

,dl ot the’ effects of these assumptions have been systematically explored, tor 
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example, in the moments method, water (with appropriate density adjustments) has 

been substituted for air. Also, In order to conserve computin* time, in both Monte 

Carlo and moments method calculations, photons have been iRnored once they have 

scattered down to some cutoff energy, such as o.tHi or o. 1 MeV. On the basis of «lata 

then available, Oarrett12 c,uestioned both of these hM)otheses. Subsixjuent results of 

Marshall and Wells18 and Alber* et al.1 indicated that water can be validlv substi¬ 

tuted for air, but that photons in the cnerRy interval between 0.06 - 0.10 MeV cannot 

be ignored. Additional calculations discussed in this report confirm these conclu¬ 

sions. but they also suggest a reason for the Monte Carlo values being consistently 

lower than those of the moments method, as observed in the results of French.10 

Another possible but not very probable explanation for the difference between 

Monte Carlo and moments method results is that an Inherent difference in the two 

Figure 1. Air-ground geometry 
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mattu*mat irai prm rdurrs exists auch that Monto Carlo estimates of the flux densities 

convergí1 toward a different, lower value than do estimates generated by the method of 

momenta. Such an effect might result, for example, from the manner chosen to recon¬ 

st nut the flux densities1,5 using a finite set of calculated moments and/or from the 

properties of the pseudorandom number generators used in Monte Carlo procedures. 

French computed the angle and energy distributions of the photon flux density at 

a receiver point 3 feet above an air-ground interface for each of 10 monoenergetic 

sources uniformly distributed on the interface. The contribution from unscattered 

photons was calculated by an analytic procedure, and the scattered component was 

computed with the LOõ Monte Carlo program. ' By appropriate weighting of the 

results for each source, the photon flux density distribution for weapons fallout of a 

given age can be obtained. 

French also computed the kerma rate* in tissue due to each of these mono- 

energetic sources from which tissue dose buildup factors can be obtained. One of the 

60 
source energies was 1.2i> MeV, representative of Co, from which the exposure 

buildup factor of 1.15 was derived. 

In French's calculation, the objective was primarily to construct a fallout simu- 

lation, and not to determine accurately the Co buildup factor. Therefore, he 

followed only 2300 histories at each source energy and a history was terminated either 

after 15 collisions, or when the photon energy fell below 0.04 MeV, whichever 

occurred first. 

* French refers to the quantity as "absorbed dose rate". 
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fiO Because of the low value obtained for the Co buildup factor from these results, 

some question arose about the possibility of a systematic difference between the I 
Í ! 

results to be expected from the Monte Carlo and the moments methods. Therefore, j 
i \ 

new sets of computations were run by the Monte Carlo procedure, with more conser- Í 

vative limits for discarding scattered photons, and with a large enough set of histories 

so that statistical variations allow valid conclusions. The remainder of this report 

discusses these calculations. 

H. EXTENDED AIR-GROUND CALCULATIONS 

Kalos15 noted that the statistical estimation technique in the L05 Monte Carlo 

procedure tends to underestimate the exposure rate unless a sufficient number of his¬ 

tories is followed. Also Garrett12 and Marshall and Wells18 reported that in low-Z 
( 
J i 

materials, low-energy (<0.10 MeV) photons might contribute significantly to the j 

kerma rate. To determine if one or both of these effects caused the apparently low 

buildup factor in the French computations, his calculations of the scattered component | 

of the flux density above an infinite 60Co plane were extended by increasing the number ? 

of histories followed and by lowering the photon low-energy cutoff point. i 
! 

In the extended calculations, the geometry, source distribution, cross sections, ' 
i 

and L05 Monte Carlo procedure were identical to those used by French.1^ However, ¡ 
I 

photon histories were not terminated until either 45 collisions occurred or the pho¬ 

ton's energy dropped below 0.02 MeV. Under these criteria, 98 percent of the 19,320 

histories followed were terminated by the low-energy cutoff. The 10-degree wide 

receiver polar angle bins of French were retained, as were his eight receiver energy 
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bins. However, two additional energy bins were added in the new calculations to cover 

the interval from 0.02 to 0.04 McV. 

The results of the extended calculations are shown in Table II, which gives the 

total scattered photon flux density in each angle-energy bin; appropriate differential 

distributions can be obtained by dividing the tabulated value by the respective bin 

width. The flux densities summed over energy inteiwals are given in the rightmost 

column, and those summed over angle intervals are listed in the last row. All data 

are normalized to one 1.2'» MeV source photon emitted isotropically per unit source 

area per second. The data in Table II have not been smoothed in any way. 

Table 11. Angle and Energy Distribution of the Scattered Photon Number Flux 
Density '3 Feet above an Infinite, Uniformly Contaminated Ground Surface 

Emitting One 1.25 MeV Photon per Unit Area per Second 

Polar angle 
bins 

(degrees)* 

Receiver energy bins (MeV)* 

0. 03 * 0.04 0.00 0. 10 0.18 0.30 0.50 0.75 1.00 1,25 Sum 

10 
20 

30 
40 

50 
00 

70 
SO 
90 

100 
110 
120 
130 
140 
150 
100 

170 

1H0 

9. 528(-9) i 
1.842(-8) 
2.4:13(-8) 
7.583(-8) 
2.148(-8) 
ti. 171(-9) 
5.967(-8) 
3.728(-6) 
2.055(-4) 
1.715(-4) 
2.255(-5) 
8.382(-5) 
8. 132(-5) 
2. 738(-4) 
5.630(-4) 
4. 974(-5) 
1.336(-5) 
2.832(-6) 

6.920(-6) 

5.643(-6) 
1.707(-5) 
2.346(-5) 
1. 168(-5) 
5.986(-5) 
2.568(-5) 
1. 109(-5) 
1.922(-4) 
9. 433(-4) 
1.900(-3) 
1.468(-3) 
6.061(-3) 
1.498(-3) 
8.066(-4) 
1.757(-3) 
5.290(-4) 
1. 804(-4) 

1.609(-4) 
3.074(-4) 
5.733(-4) 
1.065(-3) 
1.342(-3) 
2.332(-3) 
1.091(-3) 
7.657(-3) 
1.569(-2) 
9.255(-3) 
1. 178(-2) 
1.062(-2) 
1.045(-2) 
7.519(-3) 
6.212(-3) 
2.142(-3) 
2.591(-3) 
2.352(-3) 

1.041(-3) 
2.246(-3) 
4.888(-3) 
4.172(-3) 
9.811(-3) 
9.244(-3) 
1.959(-2) 
1.202(-2) 
1.210(-2) 
2.968(-2) 
2.176(-2) 
2,770(-2) 
1.158(-2) 
1.014(-2) 
1.286(-2) 
1.455(-2) 
4.533(-3) 
2.129(-3) 

1.252(-3) 
3.796(-3) 
8.856(-3) 
1.208(-2) 
8.940(-3) 
1.381(-2) 
2.001(-2) 
1.747(-2) 
3.422(-2) 
3.881(-2) 
3.948(-2) 
2.269(-2) 
2.149(-2) 
1.393(-2) 
2.063(-2) 
1.600(-2) 
4.330(-3) 
1.267(-3) 

1.904(-3) 
7.751(-3) 
1. 188(-2) 
1.411(-2) 
1.532(-2) 
1.597(-2) 
1.122(-2) 
2.814(-2) 
2.964(-2) 
2.777(-2) 
3.060(-2) 
2.748(-2) 
2. 502(-2) 
2.027(-2) 
8. 030(-3) 
6.399(-3) 
2.445(-3) 
2.185(-3) 

7.334(-3) 
2.338(-3) 
4.110(-3) 
8.024(-3) 
8.526(-3) 
1.047(-2) 
1.307(-2) 
1. 749(-2) 
1.840(-2) 
2.267(-2) 
1.384(-2) 
2.159(-2) 
7.280(-3) 
6.917(-3) 
3.111(-3) 
5.517(-3) 
2.892(-2) 
0. 

0. 
2.337(-4) 
5.723(-4) 
1.705(-3) 
2.479(-3) 
6. 763(-3) 
9.472(-3) 
1.584(-2) 
2.234(-2) 
1.447(-2) 
1.522(-2) 
5.759(-3) 
1.258(-2) 
2.851(-4) 
0. 
0. 
0. 
0. 

0. 
0. 
0. 
0. 
1.879(-3) 
1.524(-3) 
1.006(-2) 
1.413(-2) 
2.331(-2) 
2.217(-2) 
7.066(-3) 
2.989(-3) 
0. 
0. 
0. 
0. 
0. 
0. 

0. 
0. 
0. 
0. 
0. 
0. 
7.726(-4) 
1.262(-2) 
5.916(-2) 
9. 519(-2) 
1. 326(-3) 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

5.098(-3) 
1.668(-2) 
3.090(-2) 
4.118(-2) 
4.831(-2) 
6.018(-2) 
9.331(-2) 
1.254(-1) 
2.153(-1) 
2.611(-1) 
1.430(-1) 
1.204(-1) 
9.454(-2) 
6.083(-2) 
5.222(-2) 
4.642(-2) 
4.336(-2) 
8.117(-3) 

Sum 1.471(-3) 1. 550(-2) 9.315(-2) 2.100(-1) 2.991(-1) 2.941(-1) 1.930(-1) 1.077(-1) 8.313(-2) 1.691(-1) 

Total 1.466 

* Karh Inn hfailint; Klvi'a Iht‘ uppiT limil of that bln 

* bower bound of o.dlt column is 0.02 McV 

» Head 0. as 0. 028 x KT9 
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The kerma rates in air were computed from the number flux densities of 

Table II, using conversion factors from Henderson^ for the midpoints of the energy 

intervals. Table III shows the results of this computation. Values obtained from a 

more recent calculation of French11 which used the COHORT Monte Carlo procedure8 

are shown for comparison purposes in the fifth column. Kerma rates derived from 

the extended calculation are shown in the sixth column. At the bottom of Table III, 

the value for the uncollided 1.25 MeV flux density, computed analytically by French 

(Reference 10, Table 1), and its kerma rate are given. Using these results, the 

Table III. Scattered Kerma Rates* in Air 3 Feet 
above an Infinite ®°Co Contaminated Plane 

Energy 
interval 
(MeV) 

Fluence-to- 
kerma factor 

(ergs cm2 g-1) 

French* flux 
density 

(cm-2 sc _1) 

French* 
kerma rate 

(ergs g"1 sec"1) 

French COHORT 
kerma rate* 

(ergs g"1 sec"1) 

Extended calcula¬ 
tion kerma rate 
(ergs g"1 sec"1) 

.02 - .03 

.03 - .04 

.04 - .06 

.06 - .10 

.10- .18 

. 18 - .30 

.30 - . 50 

.50- .75 

.75 - 1.00 

1.00 - 1.25 

1.06(-8)} 

5.28(-9) 

3.06(-9) 

3.06(-9) 

5.56(-9) 

1.08(-8) 

1.89(-8) 

2.92(-8) 

3.97(-8) 

5.00(-8) 

4.45(-2) 

1.73(-1) 

1.91(-1) 

2.40(-1) 

1.25(-1) 

8.01(-2) 

6.60(-2) 

1.31(-1) 

1.36(-10) 

5.31(-10) 

1.06(-9) 

2.60(-9) 

2.37(-9) 

2.33(-9) 

2.64(-9) 

6.67(-9) 

2.70(-10) 

6.74(-10) 

1.50(-9) 

3.76(-9) 

2.45(-9) 

3.42(-9) 

4.35(-9) 

3.72(-9) 

1.56(-11) 

8.18(-11) 

2.85(-10) 

6.42(-10) 

1.66(-9) 

3.19(-9) 

3.65(-9) 

3.14(-9) 

3.30(-9) 

8.46(-9) 

Total 1.05(-0) 1.83(-8) 2.01(-8) 2.44(-8) 

Uncollided flux density** = 2.217 photons cm"2 sec'1 

Uncollided kerma rate 1.184 x 10"7 ergs g"1 sec"1 

* Normalized to one 1.25 MeV photon cm"2 sec"1 emitted isotropically 
+ Reference 10, Table 2 
t Derived from reference 11 
§ Read 1.061-8) as 1.06 x 10"8 

♦* Reference 10, Table 1 
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buildup factor for the extended calculation of the air-ground geometry is found to be 

| 2.44 X 10"8 
1.184 X 10-7 

1.21 

as compared with French's original value of 1.15. 

To evaluate the accuracy of the result, the standard deviations in these Monte 

Carlo calculations should be obtained. The L05 procedure computes the deviation 

of sample values (treating each history as a sample) about the total collided number 

flux density. However, since the estimator used in the statistical estimation process 

has an infinite variance,15 the deviation computed by the L05 program cannot be 

interpreted as the standard deviation about the expected total flux density. The best 

that may be done is to make a judgment of the possible error based upon experience 

with the LOS program. 

For the extended calculation, the L05-computed deviation was 7.5 percent of 

the total collided flux density. When deviations of this size have been encountered 

during applications of L05 to problems whose solutions are known with high precision 

(i.e., calculation of buildup factors in an infinite water, isotropic Co point source 

geometry), computational errors of less than 10 percent were usually observed in 

flux density estimates. Therefore, it is assumed that no greater than a 10 percent 

error actually occurred in the extended air-ground calculations. Making the further 

assumption that the percent error in the kerma rate from collided photons is equal to 

that of the computed total collided flux density, the value for the buildup factor 

becomes 1.21 ± .02. This value is consistent with the moments method results and 

lies in the midrange of the reported experimental data. 

* See also Appendix A 
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An examination of Table III shows that an increase in scattered flux density oc¬ 

curred in each energy interval so that the energy spectrum of the extended calculations 

is very similar to that of the French data. Approximately 4 percent of the kerma jvas 

delivered by photons below 0.1 MeV; however, less than 0.5 percent was contributed 

by photons below 0.04 MeV. Therefore, the low value of French's original buildup 

factor cannot be accounted for by his choice of low-energy and maximum collision 

cutoffs but, rather, by the effect described by Kalos. The 2300 histories of the orig¬ 

inal calculation resulted in an underestimate of the number flux density but the 19,320 

histories followed in the extended calculations appear to have been sufficient to over¬ 

come this difficulty. 

HI. AIR-COMPRESSED AIR MONTE CARLO CALCULATIONS 

High accuracy is obtainable with the moments method, so it is desirable to uti¬ 

lize this method to obtain a precise value for the buildup factor. However, moments 

method calculations are limited to the use of one scattering material to rep esenl 

both air and ground, and investigators have chosen either air or water, scaling densi¬ 

ties as required, to represent the air above and soil below the interface. 

The validity of using water to represent air has been well established. The use 

of compressed air to represent soil was recently examined by Beck and Bennett3 who 

found that the scattered kerma rate 1 meter above an air-ground interface contami¬ 

nated with 137Cs was 7 percent lower than that above an air-compressed air interface. 

(The difference between the buildup factors of the two eases would be 1 percent. ) 

Beck and Bennett utilized a polynomial expansion technique to solve the transport equa 

tion for the two-medium geometry. 
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At tiú1 suggestion of C. Kisenhauer of the National Bureau of Standards (NBS), a 

set of Monte Carlo eomputations has been performed using the LOf) Monte Carlo pro- 

eedure to further examine the effect of the substitution of compressed air for soil and 

to provide a direct comparison between a moments method and a Monte Carlo solution 

of the interface problem. A ^Co source was used on the interface for this Monte 

Carlo study. 

The geometry employed was identical to that of the extended air-ground calcula¬ 

tions except that to provide a direct comparison with the National Bureau of Standards 

moments calculation,:) compressed air was used to represent soil. This compressed 

air region consisted of 78,47 percent nitrogen, 21.06 percent oxygen and 0.47 percent 

argon (atomic fractions); the air density was adjusted such that the electron density 

o o _ o 
was 3.5 X 10 electrons cm . This is identical to the electron density of the soil 

used both in French's original calculations and in our extended air-ground calculations. 

-3 -3 The aboveground air density was chosen to be 1.205 x 10 g cm , identical to that 

of the NBS calculations. 

The decision to equate the electron density of the compressed air with that of 

the soil was arbitrary; equating atomic concentrations or mass densities could also 

have been done. However, the application of a theorem (attributed to U. Fano) shows 

that the choice should not affect the results of the computation. The theorem states 

that for distance measured in terms of mean free paths, the exposure rate at a given 

distance above an isotropic infinite plane source in an infinite medium is independent 

of density variations in the direction normal to the source plane. 

10 



The cross-seetion library f»i' air used in the LO!) procedure was that used in 

the extended calculations and was also identical to that used by NHS in tiicir moments 

- ] 
calculation. At 1.2.r> MeV, the total mass attenuation coefficient was O.OõOH cm“ g 

A total of 57,00() photon histories were followed, 2500 from each of 2.'t isotropic 

point sources distributed on the air-compressed air interlace. I lie1 placement ol 

these point sources was identical to that used by French'*1 and to that used in the 

extended air-ground calculations. Histories were terminated when a pnoton’s energy 

dropped below 0.02 MeV or after 23 collisions had occurred. With these limits, over 

90 percent of the photons reached 0.01 MeV' and «0 percent reached 0.03 MeV before 

being terminated by the maximum collision criterion. 

The calculation was divided into five 11,000-history segments to permit 

reasonable computing times, and the results of these separate computations illustrate 

the difficulties of using an unbiased Monte Carlo statistical estimation procedure for 

this type of problem. The five calculations were identical in all respects except that 

different random numbers were chosen to initiate each calculation. Table TV summa¬ 

rizes the results of each 11,500-history case. The total scattered numbei flux 

density, the L05 computed percent deviation in the flux density, and the total kerma 

rate are listed for the five cases. The kerrna rate was calculated in a manner identi¬ 

cal to that used in the extended air-ground calculations. It is clear from the data in 

Table W that 11,500 histories are not sufficient to guarantee reasonable accuracy 

and, further, that the fourth case, D, merits additional scrutiny. 

The reason for the results of case I) is evident when the differential angle and 

energy distributions of that ease are compared with the equivalent distributions ot the 
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I ll'll' l\’. IU'.suits of 1^1^1 11, rjOO-Historj' Cases 

('list- 
Ti'Utl Ncattfrod 

1 ox denmty 
nee" 11 

PereeiU deviation 
about total Hcuttorcd 

flux denalty 

Total scattered 
kerma rate 

lerus g*1 see-1) 

\ 

II 

( 

II 

1 

1 . H!> 

1. !MI 

1. (ill 

;i.r>i 

1.35 

25 

Hi 

15 

59 

7 

2.7« x 10*8 

:i. K) x lo*8 

2.03 x 10'8 

3.10 X 10'8 

2.00 X 10'8 

II* 1..IS 111 2.03 x 10"8 

• Ailiu-Ueil vnlut'H for case 1); see text 

othei lour rases. These (listriluuions Tor ease D are shown in Table V in a format 

idtuitieal to that of Table II. Table YT lists the distributions obtained by averaging 

the data from eases A, 11, C and E, and Table VII lists the distributions obtained by 

averaging all five eases. Examination of the tables shows that above 0.06 MeV the 

distributions of ease I) look reasonable and show fluctuations of the same order of 

magnitude as those found in the other four cases. 

However, in the three lowest energy intervals of case D, and (coincidentally) 

in the same angle interval of :i,>o-40°, the effects of a severe close-in collision prob- 

lt in are observed. In these three bins, close-in collisions accounted for such high 

flux density estimates that the* eontenis of the three bins contributed 60 percent of the 

total scattered dux densitv and .‘lõ pel cert of the equivalent total kerma rate. Even 

when averaged with the other four eases fiable \;II), the fluctuations of case Dare not 

obscured. In this situation, the effects of the elose-in collisions in case D cannot be 

ignored, and either the ease must be rejected, or adjustments must be made. 
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Table V. Anule and Kner^y Distribution ol the Scattered I’hoton Number Flux iX'iisity 
;¡ Feet above an Infinite, Uniformly Contaminated Condensed Air Surface Kmittinn One 

1.25 MeV Photon per Unit Area per Second. Case D -- 11,500 Histories 

Polur unglu 
bins 

(degrees)* 

)U 

20 

.‘JO 

<10 

50 

fio 
70 

80 

00 

100 

110 

120 

130 

140 

150 

100 

170 

180 

Sum 

H<’( eiver energy bins (MeV)* 

0. 03* 

5. 707(-7) * 

1.801(-5) 

1.082(-5) 

1.830(-1) 

2.211(-5) 

Í). 983(-0) 

2. 120(-5) 

7.431(-5) 

9.040(-5) 

4.240(-4) 

1.790(-4) 

1.857(-4) 

1.433(-4) 

G, 377(-5) 

1.201(-4) 

0. 255(-5) 

1.993(-5) 

1. 490(-0) 

1.845(-1) 

0.04 

5.772(-5) 

2. 870(-1) 

3.735(-4) 

1.353 

5. 590(-4) 

4.713(-4) 

7. 872(-4) 

8.537(-4) 

1.894(-3) 

2.092(-3) 

1.089(-3) 

2.053(-3) 

1.703(-3) 

1. 101(-3) 

1.478(-3) 

8.430(-4) 

1.518(-3) 

4.597(-4) 

1.355 

0. 00 

2.549(-1) 

1.829(-3) 

1.914(-3) 

0, 099(-1) 

5.273(-2) 

3,043(-1) 

3. 840(-3) 

1.402(-2) 

2.243(-2) 

1.580(-3) 

1. 173(-2) 

2.305(-2) 

7.908(-3) 

2. 047(-2) 

5.972(-3) 

4. 528(-3) 

4. 542(-3) 

4.543( -3) 

8.098(-1) 

0. In 

1.238(-3) 

2.-70(-3) 

4.973(-3) 

5.213(-3) 

5. 990(-3) 

0.890(-3) 

829(-3) 

1.530(-2) 

9.459(-3) 

2.075(-2) 

2.743(-2) 

1. *54(-2) 

1.009(-2) 

3.817(-2) 

1.030(-2) 

7. 116(-3) 

3.351(-3) 

7.465(-4) 

2.034(-1) 

0. 1* 

1. 700( -3) 

4.551( 3) 

5.680(-3) 

8. 714(-3) 

9. 583(-3) 

9. 791(-3) 

2.390(-2) 

1,342(-2) 

2. 172(-2) 

3.502(-2) 

2. " --( -2) 

2.074(-2) 

2.052(-2) 

1. 1 12(-2) 

1.959(-2) 

0. 134(-3) 

7. 757(-3) 

8.096(-4) 

2. 585(-1) 

0.30 

1.722(-3) 

7.880(-3) 

U.334Í-3) 

1.23 H -2) 

1.451(-2) 

1.717(-2) 

2.305(-2) 

2. 054(-2) 

2.419(-2) 

2.823(-2) 

1.470(-2) 

ï. 1111(-2) 

2.282(-2) 

1. 0H7(-2) 

9.461(-2) 

6.262(-2) 

2. H64(-2) 

5.022(-4) 

2.497(-1) 

2.27(,(-2, 

2. ‘v’l 1(-.1, 

5, 522(-2) 

6. 176(-2, 

N. 155(-2, 

•J. 929(-.,1 

1.2119(-2, 

1. 522(-2, 

2.21-(-2, 

5. 492(-2, 

1.474(-2, 

9.902(-2) 

6.219(-2, 

2.702(-2, 

2. 861(-2, 

6.6(,7(-4, 

2.621(-1) 

O. 

1.576(-1, 

1.5 

779( 6, 

5--,-'., 
(,(,2( -.,I 

91(5, --(I 

(, ,9( -2, 

977(-2, 

292(-2, 

--(,( ■ 21 

(199(-2, 

-21(-2, 

577(-2, 

549(-2, 

266(-5) 

508(-5, 

242(-5) 

229(-6, 

717(-6, 

922(-7, 

1.112(1, 

1. 17' 176( 

-51( 

799( 

9.11( 

908( 

546( 

7. 206(-2, 

0. 

II. 

0. 

II. 

II. 

1.-91(-2, 

9. 754(-2, 

2.51,6(-2, 

7.159(-1, 

0. 

0. 

(I. 

0. 
(I. 

(I. 

(,. 

1.122(-1, 

hum 

^55(-3) 

U. 007( -3) 

3.78h(-3) 

3. 101 

0. 000(-3) 

5. 830(-3) 

H. 077(-3) 

I. 047(-1) 

1. 838(- l) 

1.088(-1) 

1.330(-1) 

1. 100(-1) 

-. 162(-2, 

-. 151(-2) 

4.9-6(-2, 

2. 592(-2, 

2. 142(-2, 

7. 125(-9, 

2. 514 

• Kuril bln brad inn Rivrs Ihr upper limit (,f that bin 

* l.owcr hound ol 0.05 column Is 0.02 MeV 

t Head 5.707(-7, an 5.7(17 x lo"7 

Table VI. Angle and Energy Distribution of the Scattered Photon Number Flux Density 
3 Feet above an Infinite, Uniformly Contaminated Condensed Air Surface Emitting One 
1.25 MeV Photon per Unit Area per Second. Cases A, B, C, E — 46,000 Histories 

Polar angle 

bins 

(degrees)* 

10 

30 

30 

40 

50 

0U 

70 

HO 

90 

100 

110 

130 

130 

140 

150 

too 

170 

180 

Receiver energy bins (MeV)* 

0.03* 

5.938(- 

1.063(- 

2. 852(- 

3.049(- 

5. 038(- 

7. 534(- 

0. 788(- 

5. 830(- 

1.991( 

1. 727( 

2,925( 

2.734( 

2.439( 

2.340(- 

1. 129( 

0.500( 

4. 805( 

2.158( 

0.04 

744(-5) 

116(-4) 

375(-4) 

047(-1) 

968(-4) 

637(-4) 

527(-4) 

* 44(-4) 

089(-3) 

807(-3) 

145(-3) 

720(-3) 

245(-3) 

191(-3) 

KU(-3) 

081(-3) 

799(-4) 

035(-5) 

0.06 

4. 119(-4) 

1. 259(-3) 

2. 140(-3) 

1.017(-2) 

2.958(-3) 

3. 880(-3) 

5. 102(-3) 

1.002(-2) 
1.208(-2) 

1. 143( 2) 

1.3l*(-2) 

1.113(-2) 

l. 280(-2) 
9.0,,2(-3) 

0. 341(-3) 

*.9.>t-3) 

3.791(-3) 

8.211(-4) 

0. 10 

8. 810(-4) 

2.500(-3) 

4. 51.2(-3) 

1. 892(-2) 

0.527(-3) 

7.942(-3) 

9.205(-3) 

3,384(-2) 

1.953.-2» 

4. 100(-2) 

3,222(-2) 

5.415(-2) 

1,901(-2) 

1.5il(-2) 

3.07-(-2) 

9. 403(-3) 

3.010(-3) 

1.089( 3) 

Sum 4.911(3) 3.252(-2) 1.330(-1) ...202(-1) 5. 125( 1) 3.099(-1) 1.-17(-1) 

0. 18 

007( 

050( 

802( 

353( 

530( 

390 

491( 

044( 

720( 

953( 

520( 

3*0. 

H90( 

•19*1 

1*1. 

11*1 
120( 

ni( 

0.30 

1.551( 

5. 174( 

8.553( 

l. 133( 

1.400( 

1.089( 

1.120( 

1. ]i9( 

¿)\ 3.312( 

¿)j 3.403( 

-H 2.420( 

0. 50 

9.394(-4 

2.070(-3 

4. 535(-3 

5, 856(-3 

7.644(-3 

1,003(-2 

-2) 1.571(-2 

2.494( 

I. 7)17( 

9. 815( 

*.02')( 

1.221( 

*. )••»,( 

1.591( 

1.845(-2 

2.230(-2 

1.191(-2 

1.327(-2 

1.015(-2 

1.2Mi(-2 

2.079( 

4.07),(-3 

5.231(-:. 

1.091 ( -3 

1,. I lO( I 

0. 75 

115(- 

015(- 

951( 

421(- 

709(- 

850(- 

121(- 

893( 

202(-: 

037( 

00*( 

(61.1( 

176( 

l-'KI 

mil, 
,11.1( 

“I,.1( 

.7(1(,( 

1.00 1.115 

2.:116(-5, 

K.(,10( 

(I. 

0. 

0. 

0. 

602(-5) 

1.2:)5(-4, 0. 

2.217(-5, 1 0. 

1.555(-2, ; 2. 125( 
1. 5HU( 2,! 2. 16 7( 

2. !»(IH(-2, I I. 17.1( 

1.505(-2, 5. h20( 

-5, 

Sum 

:i, 

2, 

-) 
, -. 2 ,5(-5, 1 (I. (157( -5, 

5.657(-5, 

0. 

I o. 
I). 

0. 

1.201(-1, 

4. HH2,-5) 

*. 561,(-2) 
2. 754(-2, 

o. lOM -2, 

: 1.560(-2, 

I 6.511(-2, 

I (.6 0-4(-2, 

.24(-1, 

' 2.200(-1, 

4.071(-1, 

I. 105(-1, 

1.401(-1, 

I 0.420(-2, 

I -.4-0(-2, 

7.046(-2, 

j I. 401,(-2, 

I 2. 41:,(-2, 

I 1. 126(-2, 

- - " -"t. 
1. 107(-1, i I. 201,( -1,1 1. 7o7 

• Kach bln hrndim, .p'r« ihr upper lind, of (hat hn 

• Lower hound if e "u eolunin la n.o2 \1rV 

• Head , 02m «i .i- . 02» x pi 

ia 



lalili' VII. Allait1 ami Kihm^v Distribution of the Scattered Photon Number Flux Density 
:t l eet above an Infinite, I nitormly Contaminated Condensed Air Surface Emitting One 

l.-ã Me\' Photon per I'mt Area per Second. Cases A-F — 57,500 Histories 

Po Ur «iiiitlr 

him» 

lu 

;<) 

Pi 

:,o 

bll 

;u 

‘Ml 

1 OH 

l in 

120 

i;m 

1 »0 

i:,o 

too 

170 

l*u> 

Receiver em-riß bme (MeV)* 

K 'i i* 

l. Ti7| i,|I 

1. .MUI -Til 

:. '.I'M 
i, Mi <1 2| 

1. 1175(-1) 

1.. J^7( -5) 

.. 1511(-5) 

li. 150( -5) 

1. 77:1(-1) 

•M 2;iH-l) 

:.1:01( -1) 

:.::4(-:1) 

:.::17(-1) 

i. 000(-4) 

1. 155(-4) 

1.. 451(-5) 

4.:01(-5) 

1.7511(-5) 

o. ot 

•. .ir»o< .» 

2.207(-1) 

1. 247( 4) 

2. *»70( -1) 

»!M( 4) 

b. 252(-4) 

5. l»ii(-»> 

i».r,H2(-l) 

2. 050(-:1) 

(i. 7h-|(-;1) 

1. rui - *» 

:1.51:(-:)) 

.1. 7:)6(-0) 

:.:iN(-.i> 
:. 56:((-:1) 

1. 51:1(-:.) 
6.075(-4) 

1.610(-4) 

.). 'Hi 

:). 11)5( - li 

1.17.1(-:1) 

:.1)05( 1) 

1..140( 1) 

i.:oi(-:) 

:i. i:i7(-:n 

1. i5i(-:i) 

1. uio(-:) 

1.415( -:) 

1.::10(-:) 

1.:19(-:) 

i.:iM(-:) 

1. ii3(-:) 

i. 11:(-:1 

6.:70(-3) 

1. 073(-3) 

3.947(-3) 

1.565(-3) 

o. 10 0. In 0. .10 0. 50 0.75 1.00 1.25 Sum 

11.:,24(-4) 

2. :,?*>(-;i> 

l.b4 4(-:)) 

l.lUh(-2) 
0,420(-:)) 

7.7:U(-:)» 

9. i;io(-;)) 

:1.015(-2) 

1.752(-2) 

.).095(-2) 

:i. 127(-2) 

4.705(-2) 

1. s90(-2) 

2.028(-2) 

:). 149(-2) 

8. 99 1(-.1) 

:).563(-1) 

3. 100(-3) 

1. 109(-3) 

4. 110(-3) 

6. 577(-3) 

7.6:5(-3) 

9.541(-3) 

1.313(-:) 

1.67:(-:) 

:.514(-:1 

:.610(-:) 

7. 0.35(-:) 

:. 566(-:) 

:.439(-:) 

:.047(-:) 

:.::i(-:i 

1.336(-:) 

7. 161(-3) 

5. 647(-3) 

3.737(-3) 

1. 515(-3| 

5. 71.5( 3) 

1. 710(-3) 

1.154(-:) 

1.410(-:) 

1.694(-:) 

1.917(-:) 

9.9:5(-:) 

3.134(-:) 

3.33 5(-:) 

:.:.16(-:) 

:.433(-:) 

1.1::(-:1 

1.009(-2) 

1. 789(-3) 

1. 108(-2) 

7.946(-3) 

1.373(-3) 

1.407(-3) 

:.702(-3) 

1.735(-3) 

.5.910(-3) 

7. 747(-3) 

1.049(-:) 

1.499(-2) 

1. 711(-2) 

:.::8(-:) 

3.203(-:) 

1.356(-2) 

1.490(-2) 

1. 151(-2) 

1.717(-2) 

3.833(-3) 

4.3.33(-3) 

9.457(-4) 

4.188(-4) 

:.609(-5) 

6.110(-6) 

1.674(-4) 

1.511(-3) 

4.497(-3) 

7.276(-3) 

1.147(-2) 

1.191(-2) 

3.010(-2) 

1.994(-2) 

1. 170(-2) 

6.928(-3) 

5.989(-3) 

:.239(-5) 

1.:29(-5) 

1. 1.37(-5) 

6.186(-6) 

2.935(-6) 

0. 

0. 

0. 

0.000(-5) 

9.884(-5) 

2.069(-3) 

1. 181(-2) 

1.027(-2) 

2.865(-2) 

1. 185(-2) 

7. (164(-3) 

4.520(-1) 

0. 

0. 
0. 
0. 

0. 

0. 

1.8511-5) 

0. 
7.128(-5) 

0. 
0. 

0. 
1. 939(-3) 

1.020(-2) 

1.089(-2) 

5. 169(-2) 

8. 109(-3) 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

5. 557(-3) 

1.673(-2) 

2.745(-2) 

4.8 15(-1) 

5.628(-2) 

6.216(-2) 

9. 063(-2) 

2.347(-1) 

2. 133(-1) 

:.855(-1) 

1.368(-1) 

1.417(-1) 

9.089(-2) 

1.401(-2) 

6.644(-2) 

4. 123(-2) 

2.271(-2) 

1.044(-2) 

Sum :.069(-1) 2.6M(-l) 2.909(-1) 3.017(-1) 3.459(-1) 1.769(-1) 1. 186(-1) 1.030(-1) 1. 189(-1) 2,068 

* hu h hm hi iidinK givt'H the upper limit <»f that tun 

* t.ovMT imumi of o.iKt column ih o2 MeV 

* Ueail I H ( ♦>) as 1.SÓ7 x in*6 

The differential number flux densities of case D exhibit no large fluctuations in 

the entire region above 0.06 MeV (that region which should contribute over 90 percent 

of the total kerma rate), and rejecting this case in its entirety would have the effect of 

ignoring this large body of apparently useful data. Therefore, it was decided to make 

adjustments to the poorly behaved low-energy intervals and use the data of case D in 

the determination of the buildup factor for the air-compressed air geometry. 

Since the total scattered kerma rate is of primary importance and differential 

number flux densities of secondary importance in this study, the adjustments in the 

low-energy intervals of ease I) were based on kerma rates rather than on smoothed 

differential number flux densities. Table VIII shows the kerma rate energy' distribu¬ 

tion for eai h of the five eases. The raw data columns list the unadjusted fraction of 

11 
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the total kerma rate contributed by scattered photons in each of the indicated energy 

intervals. To adjust the raw data of case I) in the three lowest energy intervals, an 

arbitrary assignment of the highest kerma rale found in the respective bins of any of 

the other four eases (A, H. C or K) was made lor each of these three energy intervals. 

The highest (rather than average) value was chosen to minimize the effect of this 

adjusting process which must result in lowering the total kerma rate. The kerma 

rates in each of the seven higher energy intervals were not altered. The total scat¬ 

tered kerma rate was then recomputed by summing the adjusted contributions over all 

energy intervals, which for case D was found to be 2.03 x 10 ergs g sec . The 

resulting adjusted energy fractions are shown in Table VIII and, for comparison, the 

distribution from the extended air-ground calculations is also listed. 

Table VIII. Kerma Rate Energy Histributions 

Energy 
interval 
(MeV) 

Fraction of total kerma rate from scattered photons 

Raw data 
Adjusted 
values 

Extended 
air-ground 
calculation 

Case 

A R C I) E 1) 

.02 - .03 

.03 - .04 

.04 - .00 

.00- .10 

.10- .18 

.18- .30 

. 30 - . 30 

. 50 - . 75 

.75 - 1.00 

1.00 - 1.25 

.004 

.000 

.014 

.020 

.057 

.202 

.132 

. 109 

.101 

.228 

■^.001 

.008 

.010 

. 032 

.085 

.114 

.124 

. 103 

.205 

.313 

.002 

.007 

.021 

.075 

.000 

.128 

.154 

.137 

.197 

.213 

.003 

.230 

.080 

.020 

.040 

. 087 

.090 

. 105 

.092 

.1X1 

.002 

.007 

.017 

.034 

.070 

.133 

.153 

.253 

.140 

. l'i9 

. 000 

.012 

.024 

.031 

.071 

. 133 

.147 

. 100 

. 141 

.277 

.001 

. 003 

.012 

.020 

. 00 X 

. 130 

. 149 

. 129 

. 135 

. 340 
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As w ill IK' scrn in the discussion below- concerning errors, it was also neees- 

saiw In adjust the \alue of the total scattered number flux density for ease D. This 

was aee nnidished bv dividing the adjusted kerma rates in each energy interval by the 

respective fluence-to kerma factor to obtain adjusted number flux densities for each, 

and then summing over all intervals. The value thus determined for the adjusted 

, -2 -1 
ease I) total collided number tlux density is l.dS photons cm sec 

After these adjustments to case I) were made, the average total scattered 

kerma rate for all five cases was found to be 2.118 x 10 ‘ ergs g sec for the 

2 
normalized source strength of one 1.2f> MeV photon emitted isotropically per cm 

of source area per second. The average total collided number flux density was 

found to be 1 .hi photons cm"2 sec"1. The uncollided number flux density at an 

aboveground air density of ().0012()0 g cm"'1 has been computed analytically to be 

_ i 1 

2.27 photons cm"“ sec . Applying to this value Henderson's fluence-to-kerma 

factor of :..:M x 10"S ergs cm2 g_1 for 1.25 MeV photons results in a kerma rate 

for the uncollided component of 1.21 x 10"' ergs g"1 sec"1. The buildup factor thus 

becomes 

! ( , i. 20. 
1 21 X 10 ' 

Note that if the data from case D were used in their original, unadjusted state, the 

buildup factor derived from the five cases is 1.21. 

As in the extended air-ground calculations, a rigorous computation of the error 

is impossible, and the best that can be done is to make a judgment from the deviations 

which were computed by the 1.()5 procedure, (oven the deviations about the scattered 

flux density for each of the five 1 1,500-history cases, the deviations about the average 

value for all 57,5()() histories may be computed by straightforward means. However, 

10 



before this may be done the deviation of the adjusted flux density of case D must be 

estimated. 

The computed percent deviation in the total number flux density for the unad¬ 

justed case D data was an abnormally high 59 percent, caused by the fluctuations in 

the three low-energy groups. However, the average of the percent deviations in the 

seven important higher energy intervals of case D was 14 percent and is as low as 

similar averages for any of the four cases, which were 26, 26, 15 and 14 percent for 

cases A, B, C and E respectively. It seems reasonable to assume that the percent 

error in the adjusted total collided flux density of case D would not be greater than 

that computed by averaging the errors (Table IV) of the other four cases. Thus, while 

recognizing the lack of rigor in such an approach and without further justification, we 

have assigned a value of 16 percent as the percent deviation in the adjusted total scat¬ 

tered flux density of case D. 

Given the deviation and the total collided flux densities for each of the five 

cases, the deviation d for all five cases taken together is computed by the relation 

2 

in which 

number of histories per case 

dj 

N EN0 = total number of histories 

-2 -1 deviation for the jth case (photons cm sec ) 

total computed number flux density for the jth case, and 

5 



! 

I hr scroud term is a rorrrrtion making a neslif>iblo contribution to the entire expres¬ 

sion, and d" ma\' hr rom|nitrd simply by evaluating the expression 

LIT J jL 

For thr data listed in Taltlr IV, d2 - 0.0Kit) and d - 0.130 photons cm'2 sec"1. 

Since 'Q 1.04 photons cm'2 sec“1, the percent deviation in the collided number 

flux density is f “(VI“ x = 8 

In this situation, we have five estimates and an alternative approach to estimat¬ 

ing error am be made. The standard error of the mean can be estimated by the 

relation 

.2 = 1 5 _ 2 
n(n - 1) S tä. - '0) 

j-1 1 

in which n r>. EX^aluating this expression, d2 = 0.018 and d = 0.134 

photons cm“2 see"1. This value is not significantly different from that computed 

earlier, and it is reasonable to assume that an error of 8 percent can be associated 

with the average value of the total collided flux density for all 57,500 histories. 

Applying the same reasoning as was done in estimating error for the extended air- 

ground calculations, it can be stated with a fair degree of confidence that the air- 

compressed air calculation is no more than 10 percent in error in the scattered com¬ 

ponent of the total kerma rate, and that the buildup factor may be assigned a value of 

1.20 * .02. 

IV. SUMMARY AND CONCLUSIONS 

This study was undertaken to resolve rather large differences in the reported 

values of the buildup factor 3 feet above a smooth, infinite air-ground interface 

18 
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uniformly contaminated with 60Co. In particular, experimentally determined values 

for the buildup factor ranged from 1.15 to 1.38, with the unweighted average value for 

the four experimental studies quoted in Table I being 1.23. The four moments method 

values ranged from 1.21 to 1.23 with an average of 1.22, while the four Monte Carlo 

values ranged from 1.15 to 1.22 with an average of 1.18. 

The range of the experimental values can be explained by the difficulty of the 

measurement and complicating geometry factors such as source asymmetry, source 

encapsulation, and ground roughness. Although the experimental data are necessary 

to verify the calculational techniques employed, highest precision in the determination 

of the buildup factor (e.g., + 1 percent) has been obtained by calculational means. 

However, as noted above, differences on the order of 5 percent existed in the various 

calculated data previously reported. 

To examine these differences in the calculated data, four possible explanations 

were hypothesized: 

1. Low-energy photons (<0.04 MeV), ignored in most Monte Carlo calcu¬ 

lations, make a contribution to the total kerma rate which might not be insignificant. 

2. The number of histories followed in the earlier Monte Carlo calcula¬ 

tions was not sufficient to reduce the statistical uncertainty of the results to a point 

where the difference between the Monte Carlo and moments results was significant. 

3. Compressed air or water does not replicate the photon transport 

properties of soil, and this factor accounts for the difference between the Monte Carlo 

studies which use soil and the moments method models which use compressed air or 

water to represent soil. 
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4. There is an inherent differenee between the Monte Carlo process and 

the moments method such that the Monte Carlo estimates converge toward a different, 

lower value than do estimates generated by the moments method. 

The first hypothesis was refuted by both the extended air-ground calculations 

and the air-compressed air calculations. Both sets of computations indicated that 

photons below 0.0(5 MeV contribute only about 2 percent to the total scattered kerma 

rate; the effect of such a contribution on the buildup factor is less than 0.5 percent. 

The second hypothesis was supported by both sets of calculations. When the 

French calculation of 2300 histories was extended to 19,320 histories, a 33 percent 

increase in the scattered kerma rate was observed. Further, the differences among 

the five 11,500-history air-compressed air calculations illustrate the fact that far 

more than 10,000 histories are necessary if one is to obtain highly precise results 

by applying standard Monte Carlo techniques. 

Conclusions about the last two hypotheses cannot be stated with as high a degree 

of certainty as were the first two, but both the third and fourth hypotheses appear to 

be in doubt. The extended air-ground Monte Carlo calculation resulted in a buildup 

factor of 1.21 + .02. The 57,500-history air-compressed air calculation produced a 

buildup tactor of 1.20 + .02, while the NBS moments method result for an identical 

geometry is quoted as 1.21 + .01. The errors associated with each value are such 

that the differences in the results cannot be assumed to be real. In fact, one may 

state with a high degree of confidence that if the effects of hypotheses three or four 

exist at all (individually or collectively), they can account for no more than a 2 per¬ 

cent difference in the computed buildup factors. 

20 



Clearly, both the extended air-ground and the air-compressed air Monte Carlo 

calculations support the NBS moments method results. Although the Monte Carlo 

studies reported herein did not attain the 1 percent precision achieved in the NBS 

moments calculation and one cannot, therefore, assume that the buildup factor for the 

actual geometry is known with this accuracy, the large differences between previously 

reported moments method and Monte Carlo results have been resolved to a point 

where something less than a 2 percent error in the stated value of the buildup factor 

is very probable. Thus, it is recommended that a value of 1.21 i .02 be assigned to 

the buildup factor 3 feet above an infinite air-ground interface uniformly contaminated 

with 60Co.* 

1 ■ "■ 1 ' " " ^ 0 
* As this report is being published, a new Monte Carlo result was reported. Kalos 

used an adjoint solution of the transport calculation to compute a buildup factor of 
1.196 + 0.015. 

21 



REFERENCES 

1 1. Alborg, M., O'Brion, K. and McLaughlin, J. An experimental determination of 
I differential energy and angle spectra for Cs-137 gamma rays in water. 

Trans. Am. Nucl. S(X‘. 9:349, 1966. 

2. Batter, J. Col)alt and iridium buildup factors near the ground/air interface. 
Trans. Am. Nucl. Soc. 6:198, 1963. 

3. Beek, H. and Bennett, B. Polynomial solutions of the gamma-ray transport 
equation in infinite-homogeneous and two-medium plane geometry. Trans. 
Am. Nucl. Soe. 10:400-401, 1967. 

4. Berger, M. J. Calculation of energy dissipation by gamma radiation near the 
interface between two media. -T. Appl. Phys. 28:1502-1508, 1957. 

5. Berger, M. J. (personal communication, July 1967). 

6. Clarke, E. T. and Buchanan, J. O. Radiation shielding against fallout. 
Nucleonics 20:143-146, 1962. 

! 7. Collins, D. G. Utilization instructions for general application of the L05 Monte 
j Carlo procedure. Bethesda, Maryland, Armed Forces Radiobiology Research 
j Institute Contract Report CR65-1, 1965 (originally issued as Radiation 
! Research Associates, Inc. Report RRA-T44, Fort Worth, Texas, 1964). 
J 

! 8. Collins, D. G. and Wells, M. B. COHORT, a Monte Carlo Program for Calcu- 
Í lation of Radiation Heating and Transport, Vols. I-IV. Fort Worth, Texas, 
I Radiation Research Associates, Inc. Report RRA-T62, 1966. 
I 

: 9. Davis, F. J. and Reinhardt, P. W. Radiation measurements over simulated 
plane sources. Health Physics 8:233-243, 1962. 

I 
I 

10. French, R. L. Gamma-ray energy and angular distributions above fallout. 

j Health Physics 11:369-383, 1965. 

I 11. French, R. L. (personal communication, June 1967). 

12. Garrett, C. W. On the low-energy component of the total dose for deep-gamma 
penetrations. Trans. Am. Nucl. Sec. 8:648-649, 1965. 

, 13. Goldstein, H. Fundamental Aspects of Reactor Shielding, pp. 172-192. 
Reading, Massachusetts, Addison-Wesley Publishing Co., 1959. 

22 



14. Henderson, B. J. Conversion of neutron or gamma ray flux to absorbed dose 
rate. Cincinnati, Ohio, General Electric Co. Report XDC 59-8-179, 1959. 

15. Kalos, M. H. On the estimation of flux at a point by Monte Carlo. Nucl. Sei. 
Eng. 16:111-117, 1965. 

16. Kalos, M. H. Monte Carlo ¡ntegi'ation of the adjoint gamma-ray transpon equa¬ 
tion. Nucl. Sei. Eng. 53:284-299, 1968, 

17. Marcum, J. I. Comparison of Monte Carlo calculations with experimental 
results for the propagation of gamma rays near an air-ground interface. 
Santa Monica, California, The Rand Corporation Memorandum RM-3399-PR, 

1962. 

18. Marshall, J. D. and Wells, M. B. The effect of cutoff energy on Monte Carlo 
calculated gamma-ray dose rates in air. Trans. Am. Nucl. Soc. 9:343-344, 
1966. 

19. Plummer, G. E. and Miller, W. G. Geometry and barrier attenuation generated 
by a vertical slab exposed to a plane Co^ source. San Francisco, California, 
U. S. Naval Radiological Defense Laboratory Report USNRDL-TR-677, 1963. 

20. Rexroad, R. E. and Schmoke, M. A. Scattered radiation and free-field dose 
rates from distributed cobalt-60 and cesium-137 sources. Army Chemical 
Center, Maryland, Nuclear Defense Laboratory Report NDL-TR-2, 1960. 

21. Schlemm, C. L., Anthony, A. E., Jr. and Burson, Z. G. Scattered gamma 
radiation measurements from a Co®^ contaminated field. Kirtland Air Force 
Base, New Mexico, Air Force Special Weapons Center Report AFSWC-TN- 
59-6, 1959. 

22. Spencer, L. V. Structure shielding against fallout radiation from nuclear weap¬ 
ons. Washington, D. C., National Bureau of Standards Monograph 42, 1962. 

23 



I 

I I i f éA^ÉWW 
■i 1 

I 



APPENDIX A 

Problems Inherent in the use of the ~ term (r - distance from collision point 

to receiver point) as a part of the flux density estimator have been discussed by 

Kalos.1,r> Not only is an infinite variance and a preferential tendency to converge 

from below associated with the total flux density computation, but in computing dittY>’- 

ential angle and energy distributions, a few "close-in" collisions (collisions occurring 

very close to the receiver point) produce anomalies in the ditferential distributions. 

This derives from the fact that in such cases, ^ ^ ^^2 ) where J is the 

average value for all collisions, and the differential flux density estimate foi these 

"close-in" collisions becomes large. An example of such behavior which occurred in 

the extended air-ground calculations is seen in the l()0°-170o, 0.3-0.5 MeV angle- 

energy bin of Table II. As is always the case in the bin associated with a close-in 

collision, the flux density estimate is high. Although not as obvious, the effect is 

also displayed in the 90o-100°, 1.0-1.25 MeV bin. 

To derive differential distributions from the raw data, it is necessary to smooth 

the peaks caused by close-in collisions. This may be accomplished by two-dimensional 

(angle and energy) interpolation, although it must be recognized that actual fine struc¬ 

ture can be obliterated in the process. However, when the total flux density or its 

related quantities, kerma rate and buildup factor, are required, the differential data 

peaks should not be indiscriminately reduced, since such a process always results in 

a lower flux density and kerma rate. 

The close-in collision difficulty arises because the volume immediately sur¬ 

rounding the receiver point is inadequately sampled for collision points. The 
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ji,.nineii \ nl this sitiK.li.m is Shown in FiRi.ro A-l. Where only a few close-in collision 

,,,,mis ;llc used to sample the volume near the receiver, the large contributions to the 

flux densitv from the partirles involvo.l in the collisions are deposited in equally few 

angle-energy bins. Were the volume adequately sampled, contributions of like magni¬ 

tude would exist in all bins and the anomalies would not exist. In general, for the 

close-in collisions, the length it, (Figure A-l) of the previous flight of the particle is 

large with respect to the length of the last flight K2, and the collision point could 

have been cnosen anywhere within the close-in volume with almost equal probability. 

(One way to handle the problem would be to split the particle whenever R2« Ri» and 

force the resulting particles to undergo a collision in each angle bin at a distance R2 

from the receiver, adjusting particle 

weighting-factors as necessary. However, 

because of the reprogr?' -ning and valida¬ 

tion which would be required, this was not 

done in the calculations reported here.) 

Thus, in the estimate of the inte- 

I 

grated flux density, the few close-in colli¬ 

sions must be viewed as a part of the esti¬ 

mate of the contribution from all collision 

centers near the receiver (albeit from an 

inadequate sample) and these estimates 

should not be reduced without sound justi¬ 

fication. 
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1 ABSTRACT 

A review has been made of experimental and theoretical determinations of the buildup 
factor 3 feet above an infinite air-ground interface uniformly covered with 60Co. Experi¬ 
mental values of the buildup factor range from 1.15 to 1.38 and theoretically calculated 
values range from 1.15 to 1.23. A new series of Monte Carlo calculations is reported that 
tests various hypotheses which could account for this range of uncertainty. It is concluded 
that the substitution of compressed air or water for soil (required in the theoretical method 
of moments) is valid and that any intrinsic differences between the moments method and 
Monte Carlo techniques can account for no more than a 2 percent difference in the estimation 
of the buildup factor. A best value of 1.21 + .02 may be assigned to the buildup factor 3 feet 
above an infinite air-ground interface contaminated with 60Co. Angle and energy distributions 
of the photon number flux density for this geometry are also presented. 
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