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A MONTE CARLO ESTIMATION OF THE HIGH ENERGY NEUTRON FLUX 

DISTRIBUTION IN THE ORNL GRAPHITE REACTOR 

statement of the Problem 

It was desired to estimate the proportion of the fast neutron flux 

as a function of energy in various regions of the ORNL graphite reactor 

lattice. The regions chosen as representative of those of interest are 

numberedI,!I and III in the schematic diagram (Figure 1) of a cross-sectionaJ. 

view of the pile. 

Fast neutrons were taken to be those with an energy in excess of 

.025 Mev. Neutrons with energies in excess of .025 Mev were classified into 

14 energy intervaJ.s. The classification referred to a specific neutron flight 

between collisions so that, in general, from the birth of a neutron to its 

degradation to an energy of less than .025 Mev it passed through various intervals. 

The selected energy intervaJ.s, not inclusive of the upper limit,\were: 

1) .025 .05 Mev 
2) .05 .1 Mev 
3) .1 .25 Mev 
4) .25 .5 Mev 
5) ·5 1.0 Mev 
6) 1.0 2.0 Mev , 
7) 2.0 :;.0 Mev \ 

8) 3·0 4.0 Mev 
9)" 4.0 5.0 Mev 

10) 5.0 6.0 Mev
 
11) 6.0 7.0 Mev
 
12) 7.0 8.0 Mev
 
13) 8.0 9.0 Mev
 
14 ) 9.0 10.0 Mev
 

.., j,

=1= 

'. 
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'rhe original energy spectrum was trunca.ted at 10 Mev. 

Sources of Data 

1. Energy Spectrum. The distribution. of energies possessed by the neutrons 

being born in the uranium rods was taken. to be that given by 

(1)
 

so that the probability of a neutron being born with energy less than Eo is 

Eo 
J cp(E) dE • 
o 

The probability distribution, cp(E) ~ is depicted in Figure 2. 

2. Neutron Origin. Each neutron is taken to originate in a rod with polar 

coordinates (r~ G). If a cross-sectional view of a fuel rod is considered as 

in Figure 3, it was assumed that the angle @ is uniformJ.y distributeq over 
\ 

the interval. (O~ 2'.1J!) and the radius vector :r is proportional to 

. 4 
+ CJlr) l

64	 ., 

where	 J! = .6306 and r is in centimeters. 

3. Uranium Cross Sections. TotaJ. uranium cross sections (it(Y) were partitioned. 

into	 elastic scattering cross sections (Je(U) J inelastic scattering cross 

and absorRtion cross sections a (U) which included fission a.s well as a 

non-productive capture. Thus 
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where the functionaJ. dependence on energy is indieated in (4.). Various SOl;lI'ces 

were used to estimate the total eross seetions, in particular ORNL-86 [ 1 ] . 

Analytie approximations to O"e and. O"i were taken to be 

4. + .62 .10 -< E < 10.00E 

.025 < E -< .10 

and 

.8
2 - E 

.4 -< E < 10.0 

C1
i 

(U, E) = (6) 

0 .025 E .4< -< 

respectively, and C1 was taken to be .7 for all E. All cross seetions are a 

in barns. P~tial inelastic cross seetions for scattering into a given energy 

ranges were provided by Bolmes [2J from some data given by Weisskapf and Bethe. 

The data used are tabulated in Table I. '!'he quantity p is the percentage of' 

C1i (U, E) for scattering into the given ener~ range. 



'fable I 

Percentage of Inelastic Cross Sections	 for Scattering 

into Specified Energy Ranges. 

Incident Percentage of Resulting 
Energy o. (U, E) Energy Range 
(Mev) J. (p) (Mev) 

·5	 100 .25 

LO	 50 0 - .50 
~50	 .50 ·75 

2.0	 50 0 - ·50 
30 ·50 -1000 
15 LOO~l.50 

5	 1.50-2.00 

3·0	 60 0 - ·75 
20 ·15 -1.50 
15 1.50-2.25 

5	 2.25-3.00 

5·0	 40 0 - .50 
30 .50 -1.00 
20 1.00-2.00 
lO 2.00-3·00 

0	 3·00-5.00 

4. Carbon Cross Sections. Primary data for the cross sections of the graphite 

came from the Project Handbook [3] In view of the various resonance regions 9 

the energy seale was divided into seven sections and a polynomial of second or 

lower degree was fitted in each section. It has been assumed that at = 0e = (1 

.. for ear'boIl. The analytic expressions are: 



o(C, E) :::: 

21.700 E

.292 E2 

2-3.458 E 

2-2.595 E 

- 3.950 E 

.., 1.675 E 

.050 E 

+ 24.656 E 

+ 22.707 E 

.200 E 

+ 4.700 

+ 3.833 

+ 1.750 

- 41.396 

.., 47.408 

+ 2.200 

1.000 

.025 < 

1< 

2.( 

3< 

4< 

5.( 

6< 

E < 1 

E < 2 

E < 3 

E < 4 (7) 

E < 5 

E < 6 

E < 10 

The cross section curve for carbon is plotted in Figure 4. 

General Procedure 

The flux through a given region is proportional to the total length~ 

of the neutron flight paths that intersect that region. The analytical Monte 

Carlo procedure manufactured neutron flight paths and totaled the lengths of aJ..1 

paths intercepted by the regions illustrated in Figure 1. The procedure was 

designed to utilize the various symmetries in the lattice. 

Consider a portion of the lattice whose planar cross-section is shown 

in Figure 5. If R is the region in which the flux is to be estimated and F 

the fuel rod in which the neutron originated, then flight path P results in 

an intercepted length whose reflection in the plane is 1 . On the other hand 

flight path P ~ intercepts RD with length ) ' . is not the region to be 

stUdied, but a translation of flight path pH to F~ would result in the neutron 
,I> 
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intercepting R. The origin in F was arbitrary. For each neu.tron originating 

in F another eould, witll equal probability, have originated in F g with 

' paraJ.lel pa1;hs. Henee counting }_ in Rg towards the total flux is equivalent 

to starting a neutron at F' . Thus consideration of aJ.1 regions symmetric to R 

with respect to the fuel rod lattice is equivalent to originating neutrons at all 

rods and,eonsidering only their intereeptions in R • 

In a similar manner one may take advan:l;,age of the symmetry' along the 

fuel rod. Instead of permitting neutrons to be born uniformly aJ.ong an urani'um 

rod and to caleulate the lengths of the flight paths intereepted in specific small 

region, it was more eonvenient to adopt the following procedure. 

All neutrons are considered to originate in a plane dise at the center 

of a rod. Lengths of its flight path intercepted by a cylinder, parallel to the 

fuel rod, with radius equal to that of the region under investigation and whose " 

length is the same as that- of a fuel rod, are calculated. The same length is 

obtainable from parallel paths originating elsewhere in the fuel rod and passing 

through the specified region. 

In summary, the general procedure adopted was to eons ider all neu.trons 

as originating in a plane disc in one fuel rod~ By considering the length 

intereepted in all regions symmetric to the one in question, f'lux estimates were 

obtained assuming neutrons originated in any rod, not too nea.r the side of' the pile, 

and at any distance f'rom the disc~ 

The Machine Procedure .. 
The problem was first considered for a:ttack on the IEM Card Programmed 
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Calculator (CPC). The procedure was coded and run. It was found that the time 

necessary to follow a neutron through a complete history was in the order of 20 

minutes. A run of 25 histories in an 8 hour shift was optimal, but rarely attained 

because of mechanical and scheduling difficulties. A total o~ 100 basic histories 

was completed and the decision was made to recode the problem for the UNIVAC. 

Preliminary CPC results indicated that about 7500 histories would be necessary to 

attain 5 per cent accuracy in the ~inal result. 

The problem was coded in two parts. The first part consisted of the 

generation of 10,000 histories. Each collision was noted and stored on a total 

of ten magnetic tapes with the folloWing information~ 

a) History number 

b) Collision number 

c) Energy after collision 

d) Space coordinates. 

A rectanglllar coordinate system was used. The (x, y) plane was the plane of the 

disc in which all neutrons originated. The z axis was coincident with the axis 

of the cylindrical fuel rod. It was found that the UNIVAC averaged about 200 

histories per hour and about 50 hours of machine time was consumed in obtaining 

the 10JOOO histories. 

The second part consisted of determining whether or not the path between 

two consecutive collisions of the same neutron passed through the region of interest 

or one symmetric to it. The second part was in fact done three times, once for 

each of the regions depicted in Figure 1. 

The second part consumed about 4. hours per region, but was beset by 

some unexpected magnetic tape difficulties on the UNIVAC. In SOme cases the tapes 

-12



were torn and had to be spliced and in other instances whole tapes could not be 

read into the machine because of discrepancies in the pulse checking system of 

the UNIVAC. Of the 10,000 histories, about 9600 were used for region I, 7700 

for region II and 7650 for region III. The n'Ul;Il.bers are, of necessity, approximate, 

but correct to within negligible error since the final results are expressible 

in ratios rather than absolute averages. 

Generation and Application of Random Numbers 

In any Monte Carlo procedure copious amounts of random numbers are 

6conswned. This problem was no exception; some 3 x 10 numbers were required. 

In order to	 obtain a sequence of numbers that would not be cyclic of order less 

6
than 3 x 10 , the generating procedure described by Moshman [4J was used. 

8This guaranteed 5 x 10 numbers before the repetition of a cycle . 
.. 

The ra.ndo~ numbers generated in the above manner may be multiplied by a 

constant and used 'directly. in sampling from a uniform distribution. In some 

cases one can analytically transform a random number R into a random variate 

from another distribution. For example if 

-ax
0. F(x) = a e dx	 x < = (8) 

then one may find the value of x, say ,., corresponding to a random number 

R by letting1 

=
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obtaining 

(10) 

or equivalently 

1 in R (11)a 

In a distribution such as that given in (1), a different proced-ure 

was followed. Draw two random numbers, HI and H2 and see if 

(12) 

where ! is the maximum ordinate of epeE) and q is some co;o,venient point of p 

truncation of the range of E •. In this case q = 10 Mev. If (12) is satisfied .. 

then q HI is taken to be a random number drawn from ep(E). If 

(13) 

then HI and H2 are discarded and a new pair Ri and H2 selected and the 

procedure repeated. It may be shown that the derived sequence of acceptable 

numbers does have the distribution epeE) • 
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Genera.ting a Sample History 

The generation of a sample flight is best followed by means of a general 

flow chart such as is shown in Figure 6. An initial energy, E - -- is selected 
o ' 

as in the ma.nner shown in the previous section. The radial distance r from the 

center of the originating fuel rod is chosen proportional to (3). A random number p 

Rl ' is chosen and the coordinates of the place of birth of the neutron are taken 

to be 

:II: 
:::;x r cos 2' Hl 

y :::; r sin :J{ 
Rl (14)2" 

z :::; () 

Randomly ehosen direction cosines determine the direction of flight. 

Denote the direction cosines by 1 , m and no These are selected by drawing
0 o 

3 random numbers R , R and . If2 3 
R4 

then 

10' :::; 

R
2 

S 

111 
0 

:::; 

R
3 

S (16) 

R1I
n 

0 
:::; 

S 
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_ 1tn2 -2-n cos <P .i, it Ej1 be adjusted end pointEEj +l- {Hnl2 J 

~ N 

Select 

L 
Direction Cosines 10: <j> = Ij£j+1 + mjmj+l 
ljff' mj+~ I nj+1+ njnj+l 
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If S2 > 1, then another triplet is drawn and inequality (15) re-examined 0 

The inequal1ty test is necessary for otherwise all directions 'Would not be equi= 

probable. This is easily seen if one considers the random triplet to determine 

a point in the unit sphere and the direction to coincide with a vector drawn to 

the point from the center of the sphere" If the point were permitted to be any

where in a unit cube, then there 'Would be a preferential orientation in the 

direction of the vertices. 

Having an energy and direction, a path length is sampled fl~om the 

appropriate exponential distributions and the coordinates of the apparent collision 

determined. If the point of apparent collision is still within the rod, one 

selects a new set of direction cosines 1
1 

, ml ,~ and then examines the type 

of collision. This is accomplished by selecting another random number R and
5 

seeing if 

or 

0e(U, Eo) + 0i(U, Eo) Ge{U, E) 
> (18)

Gt(U, Eo) o-~Tti, Ej' 

or 

Ge(U, Eo) + °iey, Eo) 
1 > (19)

Gt{U, Eo> 



If (17) holds~ an elastic scattering is assumed to have taken place and, defining 

+ , (20) 

the new energy E is1 

(21) 

or 

(22) 

depending upon whether the collision was with a U238 or a 'tl35 atom. This 

latter choice again calls for a random number and determining if it is less than 

U238.993, the relative abundance of , or not respectively. 

If (18) obtains, the new energy is taken to be distributed according 

to Table I. Two random numbers, R6 and R , are selected; the first determines
7 

the energy range of the. departing neutron in an obvious way, the seeond determines 

the new energy 'Wlifo:rmly in the selected range. For example, if Eo = 2 Mev , 

R6 = .6174 and R = .3892 then the second energy range is chosen (·50 < R6 <1 
.50 + ·30) and EI = ·50 + ·50 R .7 

If (19) holds, a new history is started. 



• 
In the event that the point of apparent collision was outside the fuel 

rod, the distance from the point of exit to the point of apparent collision is 

extended by a factor equal to the ratio of the uranium to the carbon macroscopic 

cross sections 0 

A collision in the graphite is always assumed to be an elastic 

scattering so that after choice of the new direction cosines, the new energy is 

2 2
12 + 1 ~ 24 cos <P E 

:::: 

(12 + 1)2 0 

and the process repeatedo 

At each apparent collision two possibilities that reqUire special 

treatment may occur~ 1) The path may pass the interf'aee between the u:rani'WlJ. 

and the carbon; or 2) The new energy may be less than .025 Mev. 

In. the event of the first case, the :neutron path is extended or shortened 

by the appropriate ratio of macroscopic cross sectio~s. It is necessary also to 

consider the possibili·ty that a neutron may pass clear through a rod. 

If the energy is degraded below ~025 Mev the history is te:rmil'.ated and. 

a new one started. 

Estimation of the Flux 

The coordinate system was chosen with a unit equal to 8 inches, the 

lattice dimension. In obtaining the lengths of the neutron paths intercepted by 

cylinders placed at the three points described in an earlier seetion, a deter.mina= 

tion was first made as to whether or not a fLight path intercepted a cylinder 



x 

.. 
between successive collisions. This was easily done by considering the projection 

of the line of flight in the (x, y) plane and translating the coordinates to 

place the origin at the center of one of the circles projected by the cylinders. 

If (Xl' Yl) and (x ' y:;) are two conseeutive collision points determining2 

the line in the (x, y) planE;) the equation of the line is 

x .. x y ... Yl1 
= (24)

Y2 .. Yl 

or 

yl (x ... Xl) .. x (y2 .. Yl )2 l 
= 0 (25)(x .. x )(Y .. Y )

2 1 2 l 

which may be considered as the normal form of the straight line 

6 yx .. 6xy .. p = 0 (26) 

2 2' 
say. Let D = j ( 6, x) + (6, y) • Then the distance d from any point 

(xo, yo) to the line is 

6, y 0 __6x 0 + p_
d = .. -n- x + -n- Y D 

o 0
The pair (x , y ) is permitted to run over the integers between (~, Yl ) and 

(x2' Y2) and to cover also those integers which are included within a distance 

-20



no greater than the rad11ilS, r ' of the regions in Figure 1 from (Xl' Yl ) and o 

If any d so obtained' is less than r , then the flight path must 
o 

have intersected the cylindrical region. 

A decision is then made as to whether none, one or both ~;nd points are 

in the region and the appropriate length is caJ.cuJ.ate~~ The general. nature of 

these calculations are illustrated in the flow,chart in Figure 7. 

StatisticaJ: 
! 

AnaJ.ysis of the Data 

Let F.. be the sum of lengths intercepted in region i (or one 
J.J 

symmetric to it) of neutrons in the energy range 6. 11:.. Then F.. is proportional.
I J J.J 

t6 the flux of neutrons through region i haVing energies in 6, E.. Let 
J 

F = ~ so that F is proportional to the total fast flux in region i.
i 

Fij i 

Then, if m is the totaJ. number of neutron histories, 

Fi/N Fij
= = (28)Rij Film ~ 

1, 

is the proportion ot the total flux in region i. The distribution of as aRij 

function of energy is desired for the three (i = I, II, III) regions. If Fijk 

is the contribution to F.. from the kth (k = 1, 2, "0' m) neutron, an estimate 
J.J 

of' the variance of' F../N is 
J.J 
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Rewind t-apes to read Edit a Print
N, [H] ,[2:",2],[n]

first collision block next N, [2:F],[2:F2],[n]to zero 
Determine 

t,g, 
fo J go 

v u T 

'F 2 = (Xj-Xj_1)2 + (Yj_Yj_t)2 + (Zj-Zj_t)2 
Yes 

Does f = fn and g = gn 
sI 

N 
N IN~I Is the /h collision 

in cylinder ~Y xI 
Compute point -of intersection

F2 
=(ji'-Xj_t)2+{V-Yj_l + (z-zj_l (X,V,z) nf path with cylinder 

ABAC 

Compute point of intersection
F2 = (Xj _;<)2 + (Yj-V)2 + (Zj_Z)2 

",Y,Z) af path with cylinder z 
1 ,~.;> / Is the jth collision 

in cylinder?AEAF 

Compute differences (Sx, Sy, Sz) of 
10 2 = ( sl + sl+ Sl) 1~ I 

points of intersection with cylinder 
Notation: 
j=Collision NoD. on one tape block; j=1)2, ... ,12. 

),= Index specifying cylinder; 1= 0,1,2.AH 
N = History No, 

F+2:F -2:F 
p = Index descr1bing location of end points of flight path relative to being in a cylinder, 

F2 + 2:F 2 _2:F 2 
h ,k1 = Coordinates in x,y plane of the lh cylinder,

n+i~n I -( {3 L
'1 = Radius of the lh cylinder. 

function of Ej 
in totals and as a 

f,-g{fn ,go) = integral values of x and y coordinates of particular cylinder closest to 
initial (terminal) point of path and such that 

xj_i-r.t~f ~fn ~ xj+r£. 
if Xj ~ Xj_t 

and Xj-1+'l;?:f ;?:fn :>- xj-r,t 
if Xj < Xj -1"1 and similarly for 

yj-1' yj' g, and gn' 

Fig.7. Schematic Flow Chart of Flux Determinations. 

(d' "I'
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and s imilar:J..y 

(30) 

Now 

where Fih and Fij are uncorrelated wh~n h ~ j. An approximation to the 

variance of R.. is given by
J.J 

2 
2 2 Sij si 2sij[ 2 Js = Rij + 2 2 - 2Rij F2 /1l· F /N Fi /N'2ij i Fi 

(32) 

FinaJ.ly, onE! may define 1jr.. as the proportionate flux per unit energy
l.J 

in energy interval I::::. E. in region i. Thu.s 
J 
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and 

The relative error or coefficient of variation of ist ij 

.. (CV),lr 
'l'ij 

The results of the calculations are exhibited in Table II. 

Table II 

Estimated Proportion of Flux per Mev in Three Regions of 

the OBEL Graphite Reactor in Various Energy Intervals 

Energy Interval 

.0250 ... 

.0500 ... 

.•1000 ... 

.2500 ... 

.5 ... 

1..0 ... 2.0 

2.0 - 3·0 

3·0 ... 4.0 

4.0 ... 5·0 

Region I Region II Region III 

t I 

--

(CV~ 
I

(%) 
-~~---~~.•.. ""  -" 

tIl (CV~ 
II

(%) 
_._------ ,~,.~-- I 

tIll 

-

(cvt
° III( /0) 

.05 18.232 2·31 6.648 2.22 8.510 2.60 

.1 3.260 1..34 2.515 2..56 3.061 2.l8 

.25 1..461 
I 

1..15 1..235 2.24 l·5l5 1..9l 

.5 .544 2.13 .566 2·32 .502 2.5l 

1..0 .272 2.l2 .3l6 2.62 .280 2.31 

.092 2.80 2.58.l55 .092 3.13 

.033 .0435.25 5.38 .034 5·72 
I


.0045 l6.58 .013 12.82 .0042 19.38 

.0062 l2.45 .0050 l5.12 .0069 l3·25 
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'fable II (Cont.) 

tEnergy Intervall l 

--.~ ....

5·0 - 6.0 -
6.0 - 7.0 .0029 

7.0 - 8.0 -
8.0 - 9·0 .0010 

9.0 -10.0 -

Region I Region II ___...,__R_e~io~ II~_._ 
f------....-----..-.---...--.--.--.I (CVtI

0---'";;-ncVt "'III (C"t
II

(%) 
-. 

= -
18.45 .0039 

- I 
1 

31.42 I 
-

~  --.i.i __~_,__  ~_............__.l - L___~.. 

o III-(% ) ( /0) 

-
18.68 

-
- .0013 31. ,42 

Let "'i(E) dE be the proportion of the total flux per u.nit energy' in 

region i due to neutrons with energy between E and E + dE. Then 

The proportion of the total fast flux, R~, in region i due to neutrons with 
~ 

energy between Ei and E~ is then 

E~ 

Rif 
~ 

= J Vi (E) dE

Et 

.The aIlalytica.1. form. of the fu.nctionVi(E) is not given, but its graph may be 

approximated by the V.. f s that were calculated. 
--, ~J 

Eo 
If, instead of teE) , one censiders ",('11) ,where u "'" in T is the 

-. 
lethargy and Eo is some eons"cant, then on.e may tabulate the proportion of the 
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total fast flux per unit lethargy. The relationship between teE) and t(u) is 

(:~8 )t(u) = teE) I ~~ I = teE) 

Equation (37) ~ay be replaced by 

E~ 

R* = J ti(u) du (39)i Ei 

and evaluated graphically. Figure 8 contains the histogr~ formed by plotting 

the estimates obtained for tI(u) against the lethfU'gy interval. E is taken 
o 

to be 10 Mev. Table III contains the values of 'ir( u) for all three regions. 

It should be noted that lethargy is inversely related to the energy. 
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Table III
 

Estimated Proportion of Flux per Unit Lethargy in Three 

Regions of the Omrr. Graphite Reactor in VariotlS Lethargy Intervals 

Lethargy 1/rI(u) V (u)
 1/rIII(u)IIInterval
 

0 - .104
 

.104 - .223
 .008 .011
 

.223 - ·357
 

.357 - .511
 .019 .025 .023
 

.511 - .693
 

.693 - .916 .028
 .022 .031
 

.916 - 1.204 .016 .046 .015
 

1.204 - 1.609 .082 .106 .084 
<Ii. 

1.609 - 2·303 .132 .223 .132
 

2.303 - 2.996 .196 .228 .202
 

2.996 - 3.689 .196 .204 .181
 

3.689 - 4.605 .240 .203 .248
 

4.605 - 5.298 .235 .185 .220
 

5.298 - 5·991 .296 .239 ·306 
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