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ILLUSTRATIONS 

Figure 1. Sorce geometry 

2. Angular flux, Y(500,A.,?.;X0) 

Angular flux, Y(x,A.,1;k0) 

4. Angular flux, Y(x, ,z;AO), zz -1 and -1/11 

5. Fraction of 'photons in forward direction, X0 = 0.19504 20 mev. 4 

o. Effective surface source for radiation detector 

7. Flux, Y(x,X), and current, C(x,A.). 

3. IfItegral fluxes at 500 feet due to RaC source. 

L.itegral fluxes at 00 feet due to thorium source. 

10. Integral fluxes at ;00 feet due to K4a source. 



Table 1. Accuracy of Legendre Moments. 

2. Reconstructed flux at 0, 500 and 1,000 feet for various wave lengths. 

3. Comparison of Ariel and Moments methods. 
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t_e source. 

Two methods of solution .1re avaii,11)1-: the mom_ats meti.od of Spencer 

and Fano (1951), and the inceon method of Keller and Heller (1955). 

The first method has been used with great success, and extensive series of 

calculations have been performed for one medium by Goldstein and Wilkins 

(1954). The second method, the direct numerical integration of the steady* 

state transport equation for neutrons with elastic scattering and 

en isotropic source (linearized Boltzm:ina), has also been successfully 

tested; this metl-hod shows the: "small" errors introduced at the boundaries 

influence the solution only by a "small" amount, and that by taking a 

sufficiently fine mesh the numerical solution can be made as close 

as desired to the true transport solution. 



L 

neutron vfobluLs. hLd 

;m_d modification o: neutron coc:e r sJary :c: t. prb..)-

r uuld be simple. 

:irst reason is more apparent than real as in 

the Compton scatter effect dominates, the two-media proble.7:1 e_1:1 

into an equivalent one-medium problem. Although this is not possible 

in the low energy region, the flux in this region would be quite sensitive 

to the nature of the source material; consequently, one might as well proceed 

with an equivalent one-medium problem. After computing several problems within 

the overall problem, it became apparent that the second reason was no longer 

valid. In the low energy region, the flux in air at 500 feet from the air-

source interface is approximately isotropic, and two or three Legendre moments 

are sufficient to characterize the angular flux. In the higher energy region, 

removal of the once-collided term as was done by Certaine (1953) would 

insure the need of but a few momen,ts. 

A total of 11 problems were programmed'and computed under the code 

designation, Ariel, at the AEC Computing Facility at New York University. 

LC 
These problems correspond to the primary spectrum of RaC, Th C", and 

at the initial energies of 2.42, 2.63, and 1.45 me;7' respectively. TI-,e 1.1:imary 

RaC spectrum was that given by Nladjencvi.:. and Hedgran (19:-.4);. 

spectrum was that deterwiaed by N. Lazar of the Oak aidL;2 al—)m:ory. 
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,Tho-R4:and thorium spectrum were normalized 

- • .„..
The woes-sections were taken from Whit* (1014), 

eluded., 

The ground notice was taken to be'silioll! 4Laxide o 

The interface between air and the ground source was taken to be sea= 

It should be noted that for ground sources of different densities, 

solution will apply if the concentration of gamma-emitting isotopml 

were expressed in terms of disintegrations per gram. The change 't 

air-ground interface from sea. level to any higher altitude would requird 

adjusting distance from source to the equivalent air density at sea level,. 

Although the effect of the "law of atmosphere" is small compared to other 

errors, it was included in the computations inasmuch as it was simple to db so.: 

The raw output of the computer is the angular flux at various energie 

and distances from the air-source interface. However, the computer print-out 

data are not included in this report because of exceedingly large volume, 

equivalentto many hundreds of pages. These data are available in the files 

of the Geological Survey, and those who are interested may make copies. 
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is depi2ted in 1. To remove the delta (a) 

.inularity, we write Y1 as the sum of the unscattered flux and 

flux, Y: 

(2) 

whore 
.40 

z
f(x,) 1-o st(-z), x < Li (3) 

"";./ A N„(\,v.(1 -
/ 

1 exP[-(\o X > 01 zk.. ) 

the same transorI, eql:,aion (1) as Y1 except that there is 

nc)w a torm, S, in both rned.:a: 

LU -

1(x,z1;X0),x > 0,'A-Xo<2) 

.7 • - \ ) 
< 0, 2 

4 ( ."‘ • ) -

), > 0 



 

 

then 

K if 'A' 1 ;X o ) x 0= K(xy'Ayz;o) 
EXo)-- -2] 

" 
)(x3'7 ,-,15(11.11..1 ,. 

X)dX likali '7> 

and (icrine 

L(Yy-yz3Xo) - y x 

,e value. of .-,-Jerfurzl theWe eina:ie to dieru',-

intec,ration by the trapcz)idal rule, r. 

V - 1 
( ) ) z.;) (.,))"T" -7 

where 

2 a . 
a(X ) = 4(X ) KU' 1) =- ) t(A -I'n-1)n nn- n n 

a
t = Thompson cross-section 

The right hand side no longer contains Y(x,-,z;,%.c), the unknown, and can 

thus be integrated: 

Y(x±5x,X ,z;X0 ) Y(x,
n n 7 (6) 

c-r(Xn)(Y+Y-Y-T - ;+ 1 r.Y+5Y e):p - (x-, )+ S(xl,X ,z;A.,)+dy , z 0-1 nc n j
z jy 

where 6y(x) y(x±8x) y(x) 
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The integral involving the step function is: 
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evaluated at z ; for the h= 's, the Y's are linearly interpolated between 
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, -• 
Y (Y. 6 Y1/4 x/X.,77-)s A- • 

The flax, divided by the veloci:i 3: tutL61 

of wavelenr.Lth X, regardless of diric:r. 

volume We also introduce the soe • fal (x, E.) wl-h 

O.
the flux by : N(x,E) = Yo(x,X) = ' (- )).-fl-,dE 

which gives the total number of photons/L6nit ara/sec. reEardles:,: cf 

direction in the energy interval dE. They are related to the integral faux 

Yc(x,%) = Ne(x,E) = 4°11(x,E)dEl Y,„(x,x-)dx1 )Ao 

The total integral flux is 

Ycl(x,X) w Nic(x,E) = Nc(x,E)+primary. 

We also define the Legendre moments, 

?L4.1 
+1 

4' (x,>) = ----f (x X z)P
)-( 1 " 2 

where P (z) is Legendre polynomial (,-.7 order 2 

1
Note that %0 fora given is Yc of a source times as in terse.
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drop in the fluxes (curves 3 and 5 in figure 7) near 1000 feet is not real 

as this drop is induced by the imposed boundary condition at 1000 feet. 

The quantity measured by a radiation detector is dependent on the 

spectral energy and angular response of the detector, and is not the total 

flux but only a portion of the flux. Nevertheless, examination of the 

total flux characteristics should yield some important conclusions bearing 

on gamma measurements at considerable air distances from a source. 

Figures 8, 9, and 10 display the total integtal fluxes due to RaC, 

thorium, and e° 1 Tsources. The RaC source is normalized to r. gamma 

raysift.3 /sec., the thorium source to ---- disintegrations/ft.3 /sec., and 

K4° source to 7 gamma rays/ft.3 /sec. The dashed line curves denote the 

integral flux due solely to the unscattered photons. It is evident that 

the scattered flux forms the major part of the integral flux. 
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intersitle.s of the RaC gamma ray, c chat RaC eais about 1.42 
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disintegration (Ellis and Aston, 1.93). Teen the aaditional flux at 

500 feet contrIbuted by RaB is 

(0.45 x .00063) + (0.256 x .00053) + (r .T17, .:,-..000) - 0.000331.42 

/, 2/photons/it. /3eo. 

oco 
or x 100 — 5 percent additi6aaL flax. ee contribution

.00'‘ 

of RaB to the total flux is negligible. 
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is evaluated at x 500 

5 )., to be 1.2 x 10-4 photons/ 

The contribution to th.: Illte„7,f7a flux. in the range 0.2 mev ± 10 

to scattering fro:. c.,Lrgy qamm rays is 

. . 
w:_(x,E)dE 1\T 0(x,o.16)- 0.92 10-2 photons/ft.2/sec. 

the n!ys disintra ion, we find that 

J • 
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difficult to detect such a line. It seems highly unlikely that spectral 

energy measurements at considerable air distances from a source could 

discriminate variations in equilibrium among the precursors of radium in 

the uranium series. 

It is beyond the scope of this report to point out and to develop 

fully all possible applications of these particular solutions of the 

gamma-ray transport equation. A few possible uses are: 

1. Establishment of the true total flux for various source concen-

trations, for the uranium, thorium, and potassium series, both 

individually and combined in varying anounts. 

2. Comparison of the total flux, Y(x,X), to the observed, count-rate 

flux, C(x,k), for a particular technique of measurement. 

3. Extension of the solutions to gamma-ray measurements at the ground 

surface and within the source (gamma-ray logging). 

4. Evaluation of the possibility of spectral energy discrimination 

to determine the relative contributions from the uranium, thorium, 

and potassium series. • 
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Table 3. Omarloon of iziol au& illaunts sotbois. 

0' 2.06 2.06 

100' 2.l1 2.31 

300' 2.87 2.T4 

500° 3.51 3.11 

700' 3.63 3.47 
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Figure 1— Geometry for two media , ground and air 



Figure 2. Angular Flux, Y(500, A, Z; 
c) .195; 163 2.63 mit. 

A0- - .351; to 1.116 
41, A0 - .884; lb - 0.582 mwr. 

2.55; E 0.2 mev. 
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6.400; E .o8 met. 

2.551; E 0.2 mev. 

1.314; E 0.39 mev. 
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FIGURE 3. Angular Flux, Y(x, X, 1; kc) 
0 ; = 0.211, E = 2.42 mev. 

k = 2.551; E = 0.2 mev. 

C/3 
Xo = 0.195; E = 2.63 mev. 
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CD 

An;ular Flux, Y(x, k, z; X0) 

X = 2.551, z - Tr 

. 2.551, z - 1 
6.400, z = - 11 

X = 6.1400, z = -1 
X = 0.195, F. = 2.63 mev.c 
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FIGURE 5. Fraction of the Photons in Forward Direction 
A0 0.195, Fo =2.63nv. 
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Figure 6 Effective source surfoce for airborne radiation detector 
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FIGURE 7. Flux, Yc (x,X), and Currtnt, C(x,X).9 

1. Primary rlux, 0.609 mev.
8 2. Primary current, 0.609 mev. 

3. yo (x, 1.314)7 
4. C (x, 1.314) 
). Y, (x, 2.551)

6 6. C (x, 2.,71) 
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9 FIGURE 8. Integral Fluxes at 500 feet due to RaC8 
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9 1.• FEMME 9. Integral Fluxes at 500 feet due to Thorium Source , 
MEW8 - Total integral flux, Se, 000, 3) 

7 --- Primary integral flux 
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FIGURE 10. Integral Fluxes at 500 feet due to 
40K Source 

Total integral flux, Nc (500, E) 

Primary integral flux. 
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