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Abstract 

Measurements of fast neutron and gamma ray dose rates in water along the centerline of the Bulk 
Shielding Reactor (BSR) are compared with predictions made by use  of three available computer 
programs. It is found that the predictions are very dependent on the assumptions made concerning 
power distribution and that the more accurate descriptions of the source lead to predictions that 
agree with measurements to within 20 percent throughout thickness ranges a s  great a s  100 centi- 
meters of water. 



Comparison of Bulk Shielding Reactor 

Cen terline Measurements in 

Water With Predictions 

INTRODUCTION 

Measurements of fast  neutron and gamma ray dose rates1 are compared with the predictions of 
point-kernel computation programs 04-1, 04-2, and 1 4 - o . ~  These three programs provide a variety 
of source descriptions. The source description used in each program is given. Buildup, cross 
sections,  and conversion factors which were employed are also l isted.  In the gamma dose predic- 
tions the secondary gamma dose  rate from water i s  added to the core gamma dose  rate. 

The gamma-ray point-kernel method used consists ,  briefly, of combining source-point to receiver- 
point attenuation with Nuclear Development Corporation of America (NDA) build-up factors summed 
over energy and source volume. These programs are based on the assumption that the  gamma ray 
attenuation between a source point and a receiver point can be described by a function of the form 

-X. 
Y (E.) = B(X., E.) ' r  1 

J J J 

where X- = X(p.t). The function Y(E.) i s  the attenuation of gamma rays of the j-th energy group, 
J J J 

and C ( p t )  represents the sum of the relaxation lengths in the path. 
J 

The total gamma ray energy flux at a given point i s  then computed for cylindrical source volumes a s  

J CB. '4 (E.1 

m y =  j=1 L&(z) 4 n 
d z J p ( r ) d - - ~  d +  

p2 

where the integration i s  carried out over the entire volume of the core. (For noncylindrical sources 
the integration i s  also carried out over the entire core volume, but the form of the volume integral 
is modified appropriately.) The summation indicated is over energy groups; B. i s  the source strength 

3 J forthe j-th energy group in hiev/cm -watt a t  the point of maximum power in the core; p(Z) and p(r) 
are functions describing the power distribution in the core; p is the distance between source and 
detector points; and Y has the form given in equation (1). 

The gamma dose ra te  measurements1 were expressed in e r g ~ / ~ ~ ~ ~ ~ ~ ~ ~ - l ~ r - w a t t .  The conversion 
factors used to convert the point-kernel dimensions to those employed in the measurements are 
listed on page 24. They were obtained by multiplying the mass energy absorption coefficients for 

ergs/hr 
graphite5 by the factor 5.76 x . 

~ e v / s e c  





T h e  source-.point to  receiver-point mater ial  a t tenuat ion function u s e d  for f a s t  neutrons in  t h e s e  

programs is 
t 

T h i s  function y ie lds  d o s e  r a t e s  in  un i t s  of mrep/hr-watt. 7, is t h e  ratio of the  hydrogen atom 
densi ty in  material m t o  tha t  in  7 0 ' ~  water. L re fe rs  t o  the  hydrogenous mater ials  among the  M 
materials.  T h e  d i s tance  from t h e  source  point to the  receiver  point is des igna ted  by p ; Om is t h e  
volume fraction of mater ial  m; and Em is t h e  fas t  neutron removal c r o s s  sec t ion  for t h e  nonhydro- 
genous  portion of material m. 

T h e  f a s t  neutron d o s e  ra te  from an en t i re  source  region is given by 

region 

T h e  manner of integration depends  on t h e  source descript ion.  T h e  geometric at tenuat ion is given 
by the  function 1 / 4 n p 2 .  T h e  source  s t rength a t  e a c h  point within t h e  source  volume is given by s(:~). 
Equation (3) d e s c r i b e s  the  function Yn(O, p). 

T h e  measured f a s t  neutron d o s e  r a t e s  were expressed  in ergdgtissue-hr-watt.  T h e  measured va lues  
were converted to  t h e  dimensions used  i n  the  point-kernel programs by t h e  conversion factor, 

1 rep/hr-watt = 93 ergs,Ig . - hr - watt.  t l s s u e  

SOURCE DESCRIPTIONS 

Available  informationL about  power distribution in t h e  BSR is in t h e  form of histograms for the Y 
and  Z coordinates .  T h e  variation in  power in  the  X direct ion is described a s  continuous. T h e  reactor  
a n d  the  fuel e lements  a r e  t rea ted  a s  rectangular  in  s h a p e  a s  shown in Figure 1. 

Program 04-1 permits a rectangular  core description. T h e  missing fuel  e lements  in t h e  rectangular  
array a r e  described a s  having zero power. Option 1 i n  t h e  program w a s  u s e d  in an ear ly attempt to 
descr ibe  the  power distribution a s  a continuous function in a l l  three variables .  T h e  u s e  of t h i s  option 
l e d  t o  a difference of 100 percent  or g rea te r  between measured and predicted va lues  of gamma dose .  
Option 2 in program 04-1 makes  i t  p o s s i b l e  t o  u s e  t h e  given BSR information in an accura te  descrip-  
tion of  t h e  power distribution. In t h i s  option the  reactor  i s  descr ibed  in the  input  da ta  by means of a 
t a b l e  of va lues  of power dens i ty  a t  504 points  i n  one-fourth of t h e  core. When t h i s  option was  used,  
t h e  difference between measured and predicted va lues  of gamma d o s e  w a s  l e s s  than 40 percent  of 
t h e  measured va lues  for receiver  points  a t  d i s t a n c e s  greater  than 20 cent imeters  from t h e  reactor. 
It  is c l e a r  that  small  differences in source  power distribution l e a d  t o  large differences in gamma 
d o s e  ra te  i n  t h i s  problem. 

T h e  power dens i ty  va lues  used  in option 2 of program 04-1 are  l i s t e d  in  T a b l e  1. Power  densi ty 
va lues  a s s o c i a t e d  with t h e  504 points  u s e d  i n  describing one-fourth of t h e  reactor  core a r e  given. 
 he dimensions of t h e  core a r e  X = - 30.48 to  30.48 cent imeters ,  Y = - 20.25 t o  20.25 cent imeters ,  
and  Z = - 23.127 to  23.127 cent imeters .  Dose  r a t e s  were ca lcu la ted  a t  receiver  points  in  t h e  water  
between Z = 29.777 cent imeters  and  Z = 150 cent imeters .  

In program 04-2, which permlts c y l l n d r ~ c a l  source  descript ions only, the  rectangular  source  i s  
replaced with an equivalent  cyl indrical  source.  T h e  c r o s s  sec t ion  o f  the  cylinder tha t  is considered 





to be equivalent to the rectangular cross section of the core i s  shown in Figure 2. The boundaries 
of the equivalent cylindrical source are Z = - 20.003 to 18.097 centimeters and r = 0 to 29.8 centi- 
meters. This description makes the volume of the cylinder equal to the volume of the active core. 
The distribution of power in the equivalent cylindrical source i s  described with a radial and axial 
source function. The radial source function used in the program is Pr = 1 - cos 0.0374r. The axial 
source function used in the program i s  P Z  = 1.437 x 10-I cos 0.03436 ( Z  + 4.763). 

The source distribution is described in program 14-0 a s  28 lines. The  geometry is indicated in 
Figure 3. The lines are parallel and located at the center of each fuel element. Points where the 
l ines intersect the X-Y plane are located by the polar coordinates, R and 4 .  The power is assumed 
to vary along the Z coordinate, and three ranges are used. The l ines are divided into six types with 
a different power description being used for each type. The location of the l ines and the power dis- 
tribution assumed are given in Table 2. 

The energy distribution of the gamma source intensity i s  given in Table 3. 

BUILDUP, CROSS SECTIONS, AND CONVERSION FACTORS 

The gamma dose buildup, the gamma ray linear absorption cross sections, and the flux-to-dose 
conversion factors employed in the programs are listed in Tables 4, 5, and 6, respectively. The 
04-2 programs used 10 energy groups in the gamma dose predictions. Initial poor results with pro- 
gram 04-1 led to the use of 13 energy groups, but only a small improvement was noted when this 
change was made. The 13 energy groups are used in the program 04-1 and program 14-0 predictions. 

The value 0.0308 per centimeter is  used for the neutron removal cross section for oxygen. The 
uranium and aluminum neutron removal cross sections used are 0.17 per centimeter and 0.079 per 
centimeter, respectively. 
SECONDARY GAMMA RAYS FROM THERMAL NEUTRONS 

The source of secondary gamma rays considered here is the 2.23-Mev gamma ray from hydrogen. 
The thermal neutron cross section used for the (n, y) reaction i s  0.33 barns. Measured values of 
axial thermal neutron flux are fitted by exponential functions and used a s  source terms. Measured 
values from a similar configuration are used to determine radial source functions. The source dis- 
tribution used i s  given in Table 7. Water buildup i s  used. The source was a cylinder 400 centimeters 
long and 60.96 centimeters in radius. The secondary gamma dose i s  shown in Figure 4. 

GAMMA RAY AND NEUTRON DOSE PREDICTIONS 

Neutron dose rates given by programs 04-2, 04-1, and 14-0 are compared with measured values in 
Figures 5 ,  6, and 7, respectively. Differences between measured values and predictions near the 
reactor are noted. The large difference i s  partly due to widely spaced source points and source 
points on the surface of the reactor. Program 14-0 has no source points on the reactor surface, and 
neutron dose rates close to the reactor compare more favorably with measured values in this case. , 

Gamma dose rates given by programs 04-2, 04-1, and 14-0 are compared with measured values in 
Figures 8 ,  9, and 10, respectively. Secondary gamma rays from thermal neutrons are included in 
the gamma dose predictions. The predicted values agree better with measured values a s  distances 
between the reactor and the receiver points increase. This fact is quite c lew in Figures 5 and 6 
where the source descriptions are better than the description in the program 04-2 problem. 

Better agreement between measured and predicted values should be possible by an alteration 
in the source description. Increasing the number of source points would beone way of improving 
the source description. However, the value of working for such close agreement should be care- 
fully weighed against cost, inasmuch a s  the experimental uncertainties in the measurements are 
a s  great at 20 percent. I 
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TABLE 1 

POWER DENSITY AT SOURCE POINTS IN ONE-QUARTER CORE 
FOR PROGRAM 04- 1 

BSR Loading 33 

X, cm Y, cm Z, cm p, watts/cm3 X, cm Y, cm Z, cm p, watts/cm 3 

0 0 and -23.127 1.13 x 10-5 0 4.05 and -23.127 1.055 x 
0 4.05 -15.418 1.13 x 10-5 0 12-15 -15.418 1.055 x 
0 
0 
0 
0 
0 
0 
0 
0 
0 

-15.418 9.017 x 10-6 0 
-7.709 9. 017 x lom6 0 
-7.709 8.956 x 0 

0 8.956 x 0 
0 1.885 x 0 

7.709 1.885 x 10-5 0 
7.709 1 . 2 9 0 4 x 1 0 - ~  0 

15.418 1.2904 x 0 
15.418 1.208 x 0 

-15.418 1.502 x 10-5 
-7.709 1. 502 x 
-7.709 1.628 x 10-5 

0 1.628 x 
0 8.722 x 

7.709 8.722 x 
7.709 1.268 x 

15.418 1.268 x 
15.418 1.099 x 

0 1 23.127 1.208 x lom5 0 1 23.127 1. 099 x lom5 -- ------------- --------------- ------ 
0 12.15 -23.127 0 5.08 0 and -23.127 1.108 x 
0 and -15.418 0 5.08 4.05 - 15.418 1.108 x 10-5 

-15.418 8.834 x 10-6 
-7. 709 8.834 x 
-7.709 8.784 x 

0 8.784 x 
0 1.843 x lo-s 

7.709 1. 843 x 10-5 
7.709 1.252 x 

15.418 1.252 x 
15.418 1.16 x lo-5 

V 23. 127 1.16 x - - - - - - - - - - - - - 

0 20025 -15.418 1.126 x 5.08 
0 
0 
0 
0 
0 
0 
0 
0 

-7.709 1 . 1 2 6 x 1 0 - ~  5.08 
-7.709 1 . 4 2 x 1 0 - ~  5.08 

0 1.42 x 5.08 
0 1. 477 lo-s 5. 08 

7.709 1.477 x lo-s 5.08 
7.709 1.217 x 5. 08 

15.418 1.217 x 5.08 
15.418 9.427 x 5.08 

5.08 4.05 and -23. 127 1.013 x 5. 08 12. 15 -23. 127 0 
5.08 12.15 -15.418 1.013 x 10-5 5.08 and -15.418 0 

0 1 23.127 9.427 x 5. 08 - - - - - - - - - - - - - - - - - - - - - - - - - - 

5. 08 
5. 08 
5, 08 
5. 08 
5. 08 
5. 08 
5. 08 
5. 08 
5. 08 
5. 08 

-15.418 1.471 x 5.08 20.25 -15.418 1.103 x 
-7.709 1.471 x lo-s 5. 08 
-7.709 1.595 x 5. 08 

0 1. 595 x 5. 08 
0 8.455 x 5.08 

7.709 8.455 x 5.08 
7.709 1.23 x 5.08 

15.418 1.23 x 5.08 
15.418 1.055 x 5.08 

------------------------ - ------------- 
10.16 0 and -23.127 1.017 x 10. 16 4.05 and -23.127 8.657 x 10-6 
10.16 4.05 -15.418 1.017 x 10.16 12.15 -15.418 8.657 x 

-7.709 1. 103 x lo-5 
-7.709 1.377 x 

0 1.377 lo-s 
0 1.432 x 

7.709 1.432 x 
7.709 1.193 x lo-s 

15.418 1.193 x 10-5 
15.418 9.238 x 

1 23. 127 1. 055 x lo-5 5.08 1 23.127 9.238 x 

-15.418 1.367 x lom5 
-7.709 1.367 x 
-7.709 1.482 x 

0 1.482 x lo-5 
0 7.85 x 

7.709 7. 85 x 
7.709 1.142 x 

15.418 1. 142 x 
15.418 9.566 x 

1 23.127 9. 566 x lom6 

10.16 
10.16 
10.16 
10.16 
10.16 
10.16 
10.16 
10.16 
10.16 
10.16 ------------------------- - -  - ---------- ---- 

-15.418 8.291 x 10.16 
-7.709 8.291 x lo-6 10.16 
-7.709 8.241 x 10.16 

0 8.241 x 10.16 
0 1.691 x 10.16 

7.709 1. 691 x 10.16 
7.709 1.161 x lo-5 10. 16 

15.418 1.161 x 10.16 
15.418 1.051 x 10.16 

T 23.127 1.051 x 10 10. 16 



TABLE 1 (Cont.) 

POWER DENSITY AT SOURCE POINTS IN ONE-QUARTER CORE 
FOR PROGRAM 04- 1 

BSR Loadirlg 33 

X, c m  Y, c m  Z, cm p, watts/cm3 X, cm Y, cm Z, crn p, watts/cm3 

10.16 12. 15 -23.127 0 
10.16 and -15.418 0 
10.16 20.25 -15.418 1.025 x 

15.24 0 and -23.127 9.049 x 
15.24 4.05 -15.418 9 . 0 4 9 x 1 0 - ~  

10.16 
10.16 
10.16 
10.16 
10.16 
10.16 
10.16 
10.16 

15.24 
15.24 
15.24 
15.24 
15.24 
15.24 
15.24 
15.24 
15.24 
15.24 V 

-7.709 ' 1. 025 x 
-7.709 1.263 x 

0 1.263 x 
0 1.329 x 10-5 

7.709 1.329 x 10-5 
7.709 1.095 x 

15.418 1.095 x 
15.418 8.481 x 

- 15.418 7.32 x 
-7.709 7.32 x 
-7.709 7.206 x 

0 7.206 x 
0 1. 477 lo-s 

7.709 1.177 x 
7.709 1.017 x 

15.418 1.017 x 10-5 
15.418 9.364 x lom6 
23.127 9.364 x 10.16 7 23.127 8.481 x - - - - - - - - - - - - - - - - - - 

15.24 4.05 and -23.127 6.398 x 
15.24 12.15- -15.418 6.398 x 
15.24 
15.24 
15.24 
15.24 
15.24 
15.24 
15.24 
15.24 
15.24 

- - - - - - -  ------------- 
15.24 12. 15 and -23.127 0 
15.24 20.25 -15.418 0 

-15.418 1.184 x 
-7.709 1.184 x 
-7.709 1.285 x 

0 1.285 x 
0 6.853 x 

7.709 6.853 x 
7.709 1. 011 lo-s 

15.418 1.011 x 
15.418 8.317 x 

15.24 
15.24 
15.24 
15.24 
15.24 
15.24 
15.24 
15.24 
15.24 

-15.418 8.973 x 
-7.709 8.973 x 
-7.709 1.113 x 

0 1.113 lo-s  
0 1.153 x 

7.709 1.153 x 
7.709 9.389 x 

15.418 9.389 x 
15.418 7.433 x 

15.24 9 23.127 8.317 x 10 .~  --- 
20.32 0 and -23.127 7.686 x 
20.32 4.05 -15.418 7.686 x 
20.32 
20.32 
20.32 
20.32 
20.32 
20.32 
20.32 
20.32 
20.32 
20.32 

15.24 t 23.127 7.433 x 10-6 --------- ------ - ---- 
20.32 4.05 and -23.127 4.644 x 
20.32 12.15 -15.418 4.644 x 

-15.418 6.31 x 
-7.709 6. 31 x 10-6 
-7.709 5.995 x 

0 5.995 x lo-6 
0 1.225 x 

7.709 1.225 x lo-s 
'7.709 8. 519 x 10-6 

15.418 8.519 x 
15.418 8.455 x 10-6 

V 23.127 8.455 x ------- 

20.32 
20.32 
20.32 
20.32 
20.32 
20.32 
20.32 
20.32 
20.32 

- 15.418 1.006 x 
-7.709 1. 006 x 
-7.709 1.042 x 

0 1.042 x 
0 5.49 x lo-6 

7.709 5.49 x 10-6 
- 7.709 8.241 x 

15.418 8.241 x 
15.418 7.143 x 

20.32 12. 15 -23. 127 0 
20.32 and -15.418 0 
20.32 20.25 -15.418 7.433 x 

20.32 T , 23.127 7.143 x . -  ---- ----- - --- ----- 
25.4 0 and 4.05 -23.127 6.891 x 

20.32 
20.32 
20.32 
20.32 
20.32 
20.32 
20.32 
20.32 
20.32 

25.4 
25.4- 
25. 4 
25.4 
25. 4 
25.4 
25. 4 
25. 4 
25.4 
25.4 
26.1 

-7.709 7.433 x 10-6 
-7.709 9 . 0 8 6 x 1 0 - . ~  

0 9. 086 x 
0 9.604 x 

7.709 9.604 x 
7.709 7.421 x 

15.418 7.421 x 
15.418 5.843 x 

-15.418 6.891 x 
-15.418 5.04'8 x 

-7.709 5.048 x 
-7.709 4.922 x 

0 4.922 x 
0 9.616 x lom6 

7.709 9.616 x 
7.709 7. 61 x 

15.418 7.61 x 
15.418 7.85 x 

T 23. 127 7.85 x 
T 

33.137 6.813 x 10-6 
-----------  - - - - - -  - - - - - - - - - - - - - - - - -  - -  



TABLE 1 (Cont.) 

POWER DENSITY AT SOURCE POINTS IN ONE-QUARTER CORE 
FOR PROGRAM 04- 1 

BSR Loading 33 

25.4 4.05 and -23.127 3.483 x 25.4 12.15 and -23.127 0 
25.4 12-15 -15.418 3.483 x 25.4 20.25 -15.418 0 

-15.418 6.31 x 10'~ 
-7.709 6.31 x 
-7.709 7.383 x 
0 7.383 x 
0 7.383 x 10'~ 
7.709 7.383 x 
7.709 5. 843 x 
15.418 5.843 x 
15.418 4.72 x 

25. 4 -15.418 9.011 x 10'~ 25.4 
25. 4 
25.4 
25.4 
25.4 
25.4 
25.4 
25. 4 
25. 4 
25. 4 

-7.709 9. 011 x 25.4 
-7.709 8.468x10-~ 25.4 
0 8.468 x 25.4 
0 4.442 x 25.4 
7.709 4.442 x 25.4 
7.709 6.348 x 25.4 
15.418 6.348 x 25.4 
15.418 6.373 x 25.4 

T 23. 127 6.373 x 10'~ 25.4 T 23.127 4.72 x 10'~ ---------------------- ----------- ------- 
30.48 0 and -23.127 7.092 x 30.48 4.05 and -23.127 3.508 x 
30.48 4.05 -15.418 7.092 x 30.48 12.15 -15.418 3.508 x 10-6 
30.48 
30.48 
30.48 
30.48 
30.48 
30.48 
30.48 
30.48 
30.48 

- 15.418 5.061 x 30.48 
-7.709 5.061 x 10'~ 30.48 
-7.709 4.922 x 10'~ 30.48 
0 4.922 x 30.48 
0 9.591 x 30.48 
7.709 9. 591 x 10'~ 30.48 
7.709 7.774 x 10'~ 30.48 
15.418 7.774 x 10'~ 30.48 
15.418 8.089 x 30.48 

- 15.418 9.301 x 10'~ 
-7.709 9.301 x 
-7.709 8.607 x 
0 8.607 x 10'~ 
0 4.417 x 
7.709 4.417 x 
7.709 6.26 x 10'~ 
15.418 6.26 x 
15.418 6. 575 x 

30.48 7 23.127 8.089 x 30.48 T 23. 127 6. 575 x ---- 
30.48 12.15 -23.127 0 
30.48 and -15.418 0 
30.48 20.25 - 15.418 5.995 x 
30.48 
30.48 
30.48 
30.48 
30.48 
30.48 
30.48 

-7.709 5.995 x 10'~ 
-7.709 7.08 x 
0 7.08 x 10-6 
0 6.79 x 
7.709 6.79 x 10'~ 
7.709 5.376 x 
15.418 5.376 x 

30.48 t 15.418 4.556 x 



TABLE 2 

SOURCE DESCRIPTION FOR PROGRAM 14-0 

BSR Loading No. 33 

Axial Boundary Values 

Range 1 Z = - 30.48 to Z = - 22.352 cm 
Range 2 Z = - 22.352 to Z = 22. 352 cm 
Range 3 Z = 22.352 to Z = 30.48 cm 

Type 1 - 9 lines 

Location: R, cm 

Axial Power Distribution 

5'1 J 2  5' 3 J 4 

Range 1 0.3865 -26.42 5.773 l o -4  -1.021 lo -4  
Range 2 0. 07028 0 5.773 loe4 3.769 x l o -4  
Range 3 0.3865 26.42 5.773 l o -4  -1.021 lo-4  

Type 2 - 3 lines 

Location: R, cm 4 
15.42 1.5708 
17.94 2.6975 
17.94 0.44415 

Axial Power Distribution 

5' 1 5 ' 2  5 ' 3  6 4 

Range 1 0.3865 -26.42 4. 523 x -7.999 x l o - s  
Range 2 0.07028 0 4. 523 lo -4  2.953 l o -4  
Range 3 0.3865 26.42 4.523 l o -4  -7.999 10'~ 

Type 3 - 3 lines 

Location: R, cm 9 
11.18 2.3809 
7.709 1.5708 

11.18 0.76067 



TABLE 2 (Cont.) 

SOURCE DESCRIPTION FOR PROGRAM 14- 0 

BSR Loading No. 33 

Axial Power Distribution 

Range 1 0.3865 -26.42 3.3 x lo -4  -5.836 x lo -5  
Range 2 0.07028 0 3.3 lo-4  2.155 x lo-4 
Range 3 0.3865 26.42 3.3 1 0 ' ~  -5.836 x 

All Types 

Radial Power Distribution 



TABLE 2 (Cont.) 

SOURCE DESCRIPTION FOR PROGRAM 14-0 

BSR Loading No. 33 

Axial Power Distribution 

4'1 5 2 5' 3 5 ' 4  

Range 1 0.3865 -26.42 4.755 x 10-4 - 8.409 x l om5 
Range 2 0.07028 0 4.755 x lo-4 3. 104 x 
Range 3 0.3865 26.42 4.755 -8.409 x 

Type 4 - 7 lines 

Location: R, cm 4 

Axial Power Distribution 

6 1 6 2 6 3 6 4 

Range 1 0.3865 -26.42 4.095 x -7.242 lom5 
Range 2 0.07028 0 4. 095 1 0 ' ~  2.674 x 10-4 
Range 3 0.3865 26.42 4.095 x -7.242 x 

Type 5 - 2 lines 

Location: R, cm @ 

Axial Power Distribution 

4' 1 4' 2 4' 3 4' 4 

Range 1 0.3865 -36.13 3.513 1 r4 -6.214 x 1 0 ' ~  
Range 2 0. 07028 0 3.513 x low4 2.294 lo-d 
Range 3 0.3865 26.42 3. 513 x -6.214 x 1 0 ' ~  

Type 6 - 4 lines 

Location: R, cm $ 

8. 1 3.1416 
8. 1 0 
7.709 4.7124 

15.42 4.7124 



TABLE 3 

GAMMA RAY SOURCE INTENSITY 

E, Mev B,  ~ e v / w a t t - s e c  

TABLE 4 

DOSE BUILDUP FOR  WATER^ 
13 Energy Intervals 

E, Mev Bo B1 B2 B3 

0.375 1 1.119 0.6449 0.04602 

10 Energy Intervals 



TABLE 5 

GAMMA RAY LINEAR ABSORPTION 
CROSS SECTIONS~ 

E, Mev Hzo A1 U 
C, cm-I  C, cm- l  x, cm-1 

ASSUMED COMPOSITION OF THE BSR 

Volume Fractions 

TABLE 6 

FLUX- TO-DOSE CONVERSION FACTORS 

E, Mev (ergs/g of graphite-hr 
~ e v / c m -  sec  



TABLE 7 

THERMAL NEUTRON FLUX DISTRIBUTION 
USED TO DESCRIBE THE SECONDARY GAMMA SOURCE 

First  Axial Distribution 

Pl(Z) = 1.127 x lo7 cos - 0.31416 (Z - 2. 5) + 3.03 x lo6 

Z = 5 to 30, p2(Z) = 3.391 x lo7 exp - 0.2061 Z 
6 Z = 30 to 60, p3(Z) = 8.712 x 10 exp - 0.16276 Z 

Z = 60 to 100, p4(Z) = 5 x lo2 exp - 0.12749 (Z - 60) 

Radial ~ i s t  ribut iona 

r, cm 

r = 0 to 5. 08, p1(r) = 1 exp 0 .  r 

r = 5.08 to 22.86, p2(r)  = 1.264 exp -0.04617 r 

r = 22. 86 to 50.8, P3(r) = 3.264 exp - 0.08766 r 

r = 50. 8 to 60.96, p4(r)  = 126.8 exp - 0. 1597 r 

Second Axial Distribution 

Z = 100 to 170, pl(Z) = 2.826 exp - 0.10738 (Z - 100) 

Z = 170 to 200, p2(Z) = 1. 541 x exp - 0. 070642 (Z - 170) 

Z = 200 to 250, p3(Z) = 1.902 x exp - 0. 039616 (Z - 200) 

Z = 250 to 400, P4(Z) = 2.5177 x exp - 0.029793 (Z - 250) 

aThe radial distribution is the same in both cases. 
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