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A MONTE CARLO ESTIMATION OF THE HIGH ENERGY NEUTRON FLUX

DISTRIBUTION IN THE ORNL GRAPHITE REACTCR

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
lgtticen VThe regions chosen as representative of those of interest are
numbered I,ITand IIT in the schematic diagram (Figure 1) of a cross-sectional
view of the pile.
Fast neutrons were taken t0 be those with an energy irn excess of
.025 Mev. Neutrons with energies in excess of .025 Mev were classified into
1% energy intervals. 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 intervals, not inclusive of the upper limit, were:

1) 025 = .05 Mev

2) .05 - .1 Mev

3) oL - .25 Mev

b) .25 - <5 Mev

5) 5] - 1.0 Mev _

6) 1.0 - 2.0  Mev
T) 2.0 - 3.0 Mev \
8) 3.0 - .0 Mev '
9) k.o - 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
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Fig. 1. Schematic Cross—Sectional View of ORNL Pile.
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The original energy spectrom was truncated at 10 Mev.

Sources of Dats

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

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

CQ(E) = /«%— e® sinh /2 (1)

50 that the probability of a neutron being born with energy less than E0 is

Prob {E < EG} = BE) = jg p(E) dE . (2)

The probability distribution, o¢(E) , is depicted in Figure 2.

2. HNeutron Origin. Each neutron is taken to origimate in a rod with polar

coordinates (r, &) . If a cross-sectional view of a fuel rod is considered as
in Figure 3, it was assumed that the angle @ 1is uniformly distribute% over

f
t

the interval (0, 2x) and the radius vector r is proportional to

)2

_ -
I(f v) = 1 + W;‘; + ‘(Jéhr) K (3)

where I = 6306 apd r is in centimeters.

3. Uranium Cross Sections. Total uranium cross sections Gt(U) were partitioned
into elastic scattering cross sections oe(ﬁ) , inelastic scattering cross sections
si(U) and absorption cross sections aa(U) which included fission as well as

non-productive capture. Thus
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Fig.3. Cross Section of Fuel Rod With Coordinates of Point of Origin.




at(U, E) = oe(U, E) + ci(U, E) + ca(U, E)

(4

where the functional dependence on energy is indicated in (4). Various sources

were used to estimate the total cross sections, in particular ORNL-86 [l] .

Analytic epproximations to Oe and Gi were taken to be
.
L :%3 10 £ E < 10.00
oe(U, E) = (5)
14,5 - 43 B 025 < E ( .10
\_
and
2 - :E.B_ A4 < E < 100
0,(U, E) = ‘ (6)
0 025 £ E K b
respectively, and g, Vvas taken to be .7 for all E . All cross sections are

in barns. Partial inelastic cross sections for scattering into a given energy

ranges were provided by Holmés [2] from some data given by Welsskopf and Bethe.
The date used are tabulated in Table I. The quantity p 1is the percentage of

ci(U, E) for scattering into the given energy range.



Table I

Percentage of Inelastic Cross Sections for Scattering

Incident
Energy
{(Mev)

3.0

5.0

k. carbon Cross Sections.

came from the Project Handbook [5] . In view of the various resonance regions,
the energy scale was divided into seven sections and a polynomial of secomd or

lower degree was fitted in each section.

into Specified Energy Ranges.

Percentage of

g, (U, E)
* {p)

100
50

50
30
15

60
20
15

ko
30
20
10

. for carben. The apalytic expressions are:

==

Resulting

(Mev)

.25

¢ - .50
50 - .75

0 = .20
.50 -1.00
1.00=1.50
1.50-2.00

0 - .75
.T5 =1.50
1.50-2.25
2.25-3.00

0 - .50
.50 =1.00
1.00-2.00
2.00-3%.00
5 o 00“50 OO

It has been assumed that o, = o

t e

Energy Range

Primary data for the cross sections of the graphite

g




1.700 B> . 3.950 E + k4.700 025 E < 1
292 B° - 1.675E + 3.8%3 1< g < 2
- 050 E + 1.750 2 E L 3
| olC, E) = 4 =3.458 B + 24.656 E - 41.396 3 E< b (D)
-2.505 E° + 22.707 E - 47.408 1< 8 < 5
- 200 E + 2.200 5 8 < 6
1.000 6 < E <10 .

AN

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

General Procedure

The flux through a given region is proportional to the total lengths
of the neutron flight paths that intersect that region. The analytical Monte
Carlo procedure manufactured neutron flight paths and totaled the lengths of all
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 / . oOn the other hand
flight path P®' intercepts R' with length ./ . R' is not the region to be

studied, but a tramslation of flight path P’ +to F' would result in the neutron
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Fig. 5. Schematic Diagram Indicating Translation of Flight Path Because of Lattice Symmetry.
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intercepting R . The origin in F was arbitrary. For each neutron originating
in F another could, with equal probability, have originated in F' with
parallel paths. Hence counting I” in R' towards the total fiux is equivaient
to starting a peutron at F' . Thus consideration of all regions symmetric to R
with respect to the fuel rod lattice is equivalent to originating neutrons at all
rods and considering only their interceptions in R .

In a similar mamner one may take advantage of the symmetry along the
fuel rod. Instead of permitting neutrons to be born uniformly along an ursaium
rod and to calculate the lengths of the flight paths intercepted in specific small
region, it was more convenient to adopt the following procedure.

A1l neutrons are considered to originate in a plane disc at the ceuter
of a rod. Lengths of its flight path intercepted by a cylinder, paraliel to the
fuel rod, with radius equal to that of the region under investigation and whese
length is the same as thatf éf a fuel rod, are calculated. The same length is
obtainable from parallel paths originating elsevwhere in the fuel rod and passing
through the specified region.

In summary, the general procedure adopted was to consider all nevirons
as originating in a plane disc in one fuel rod. By considering the length
intercepted in all regions symmetric to the one in question, fiux estimates were
obtained assuming neutrons originated in any rod, not too near the side of the pile,

and at any distance from the disc.

The Machine Procedure

The problem was first considered for attack on the IBM Card Progremmed

11~




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 optimel, but rarely attained
because of mechanical and scheduling difficulties. A total of 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 final result.

The problem was coded in two parts. The first part consisted of the
generation of 10,000 histories. HEach collision was noted and stored on & total
of ten magnetic tapes with the following information:

a) History number

b} Collision number

c} Energy after collision

d) Space coordinates.
A rectangular coordinate system was used. The (x, y) plane was the plane of the
disc in which all neutrons originated. The 2z 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 10,000 histories.

The second part consisted of determining whether or not the path between
}two consecutive collisions of the seme 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

=] O



were torn and had to be spliced and in other instances whole tapes could not bhe
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 regiom I, TT700

for region II and 7650 for region III. The numbers are, of necessity, approximate,
but correct to within negligible error since the final results are expressible

in ratios rather than ebsolute averages.

Generation and Application of Random Numbers

In any Monte Carlo procedure copious amounts of random numbers are
consumed. This problem was no exception; some 3 x 106 numbers were requifedn
In order to obtain & sequence of numbers that would not be ¢yclic of order less
than 3 x 106 , the generating procedure described by Moshman [h} was used.
This guaranteed 5 x 108 nuﬁbers before the repetition of a cyecle.

The random numbers generated in the above manner may be multiplied by a
constant and used ‘directly.in saﬁpling from a uwniform distribution. In some
cases one can apalytically transform a random number R into a random variate
from another distribution. For example if

-8x

dF(x) = ae dx 0 L o= (8)

VAN
N

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

R, by letting

1

Rj = [ ae " ax (9)
0

;
i



obtaining
1
or equivalently
x, = - laR . (11)

In a distribution such as that given in (1), a different procedure
was followed. Draw two random numbers, Rl and 32 and see if

Ppo(aR) 2> R, (12)

where % is the maximum ordinate of @(E) and q 1is some convenient point of
truncation of the range of E . In this case gq = 10 Mev. If (12) is satisfied

then g R, is taken to be & random number drawn from o(E) . If

po(aR)) < Ry (13)

then Rl and 32 are discarded and a new pair Ri and Ré

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

selected and the

mumbers does have the distribution ¢(E) .



Generating a Sample History

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

flow chart such as is shown in Figure 6. An initial energy, EO“;wis selected

-

as in the manner shown in the previous section. The radiasl distance r from the
center of the originating fuel rod is chosen proportional to (3). A random number,
Rl » is chosen and the coordinates of the place of birth of the neutron are taken
to be

= X
X = T ¢cOoSs 5 Rl
¥y = rsin % Ry {1h)
z = 0 .

Randomly chosen direction cosines determine the direction of flight.

Denote the direction cosines by Zo , m  and o, - These are selected by drawing

o)
3 random numbers R2 s R3 and Rh . If ,
2 2 2 2
R, + R5 + R, =8 < 1 (15)
then —7
P -2
o 8
R
_ 2 L
m, = ¥ (16)
By,
DQ = —-S—J

-15-
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A B C D E F G
Set Choose Let Select Record Select Choose
History No.i=1 xj=rcos 8 . - - i i i
Co\lisign No. | =0 r fr‘(?rn Igtkr) YJ) —rsin 8 Ej from $(E) i v Ejs X ¥y 75 Direction Cosines Random Path
Element Index p=0 8 uniformiy over (0, 2m) 7=0 Ay my 0y Length p,(E,p)
AG AA I H
. - ] z —.
P Determine - Let
j=0 Ej+1 as in Table 1 _Was collision an X4y = X +1ij
p=0 page 7 inelastic scattering ? Yit1=Yj + ™ P
Ziy =zt nppy ]

Y
No

- / \e ?
AF AB S 0
- - 1
< wos collsion an "), Yes s (Xpppa Yy Zj+|)J‘ Tes p=0

i=10,000 ? Yes Select <
Direction Cosines elastic scattering ?
IJ-, m, — T
Yes
Extend balance of _<No Has path infer;cepfed
Was collision with path after leaving arod?
238 ? rod by ratio of macro- Yes
\ av atom scopic cross-sections K
A r
Reduce baiance of
[ Q path not in carbon by
Let ratio of macroscopic
Y cross—sections
Re?or:d 2 (XJ-+|1 Yi+1s Zi‘H)
L Ej, Ejp = fﬂl‘;ﬁ‘b E be adjusted end point
YA {1+n)
X Y g
N Let
[~ 12 Xy Yyt Zjgq)
& y w be odjusted
I ac - X Select end point
Direction Cosines

Eigs Migas 0y

———1, jH— ] cos ¢ = By + mymyyy
+ njnj4y

Fig. 6. Schematic Flow Chart of Main Routine.



It 82 > 1, then another triplet is drawn and inequality (15) re-examined.

The inequality 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 toc 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 from the
appropriate exponential distributions and the coordinates of the apparent collision
determined. If the point of apparent collision is still within the rod, oune
selects a new set of direction cosines Il > Wy 5 By and then examines the itype

of collision. This is accomplished by selecting another random mumber R, and

5
seeing if
ae(u, EO)
UEY 7 o
or
GG(U’ EO) + Ui(U; EO) R S SQ(U’ E) (18)
5,0, E_) 7 Bs o0, E)
or
o (U, E) + o,(U, E_)
e o] 1 O
1 > By > 500, £ {(19)

«17=



If (17) holds, an elastic scattering is assumed to have taken place and, defining
cos ¢ = J fl + m m + n B , (20)

the new energy E1 is

5 - 238° + 12 - (2) (238) cos @ E_ (21)
{238 + 1) '
or
2
5 - 235° 1+ 1% - 2(235) S50 (22)
(235 + 1)°
238 235

depending upon whether the collision was with a U ora U atom. This

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

238

.993%, the relative sbundance of U s Or not respectively.

If (18) obtains, the new energy is taken to be distributed according
to Table I. Two random numbers, B6 and R7 ; are selected; the first determines
the energy range of the departing neutron in an obvious way, the second determines
the new energy uniformly in the selected range. PFor example, if Eo = 2 Mev ,

Rg = 6174 and R, = .3892 then the second energy range is chosen (.50 < Rg <

T

50 + .30) and E, = .50 + .50 R

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

=18=



In the event thai 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 ratioc of the uresnium to the carbon macroscopic
cross sections.

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

122 + 12 - 2h CO@AQ E

(12 + l)

E (23}

l =

and the process repeated.
treatment may occur: 1) The path may pass the interface between the uranium
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 ratioc of macrcscople cross sections. It is necessary also to
consider the possibility that a neuwtron may pass clear through a rod.

| IT the energy is degraded below .025 Mev the history is termirated 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 section, a determina-

tion was first made as tc whether or not a flight path intercepited & cylinder

-19-



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 te
place the origin at the center of one of the circles projected by the cylinders.
ifr (xl, yl) and v(xa, yé) are two consecutive collision points determining

the line in the (x, y) plene the equation of the line is

X - X y -7
= 3 (2k)
2" %" R R ]
or
x ) v . yl(xe = Xl) - Xl(Y2 - yl) - o (25)
¥ X Y2 = 91 (25 = %)y, = 9y
which may be considered as the normal form of the straight line
Ayx = Oxy - p = 0 (26)
2 2’ . R
say. Let D= /(O x)" + (A y)T . Then the distance d from any point
(x°, ¥°) to the lime is
_ JAY N Dx 0 P
4 = ——ﬁ- X + D Yy -+ ﬁ N (27)

J . o © . .
The pair (x , ¥ ) is permitted to run over the integers between (xi, yi) and

(x2, ya) and to cover also those integers which are included within a distance

~20-



no greater than the radius, T, of the reglons in Figure 1 from (xl, yl) and
(XQ’ y2) . If any d so obtained is less than T s then the flight path must
have intersected the cylindrical region. '

A decision is then made as to whether none, one or both égé points are
in the region and the appropriate length is caleulateg; The general nature of

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

A

Statistical Anslysis of the Data

Let Fij be the sum of 1eﬁgths intercepted in region i (or one
syﬁmetric to it) of neutrons in the emergy range zS:Ej . Then Fij is proportional
tg the flux of neuwtroms through region 1 having energies in éSEj . Let
Fi = § Fij s0 that Fi is proportional to the total fast flux in region 1 .
Then, if N is the total number of newtron histories,

tx)
~
=
e
[y
Cds

R,, = —2

g (28)

3
)

is the proportion of the total flux in region 1 . The distribubion of Rij as a

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

is the contribution to Fij from the kth (k =1, 2, ..., N) neutron, an estimate

of the variance of Fij/N is

i
m b

no

=y

[

LN

o

far

e

e 1O

SFij/N (29)

21~
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Fig. 7. Schematic Flow Chart of Flux Determinations.



and similarly

1J
2 .
*r./N T ! ke = S? . (30)
i N (N - 1)
Now
F, F,.
i 1l A ij »
= = = F.. + —== (31)
N N hA] ih N

where Fih and Fij are unecorrelsted when h # j . An approximation to the

variance of Rij is given by

s2 82 :252
2 2 13 i 13
° T /N P/ F, F, /¥
+d 1J i 1713
(32)
32 52
2 2 13 1 2 £l
= N R — = € e + .
iy | Fr; \ T F, 2

Finally, one may define Wij as the proportionate flux per unit energy

in energy interval ﬁsEj in region i . Thus

~23-



and

2 1 2 2
8 = ) . (34)
¥ig ( PE Ri3

The relative error or coefficient of variation of Wij is

(o, = (35)
19

The results of the calculations are exhibited in Table II.

Table IT
Estimated Proportion of Flux per Mev in Three Regions of
the ORNIL Graphite Reactor in Various Energy Intervals

‘Region I Region IT Region IIT
Energy Intervel| V. (ZV$I VI (ZV$II Y117 (zV%III | .
(°/o) (°/o) (°/o)
<0250 - .05 |8.232 2.31 }MHW6°648 2,22 8.510 2.60
.0500 = .1 |3.260 1.3% . | 2,575 2.56 3.061 2.18
w1000 = .25 |1.461 1.75 E 1.235 | 2.2k 1.515 1.91
2500 = .5 | J5kk 2.13 - 566 2,32 - 502 2.51
5 =10 | .212° 2.12 316 2,62 .280 2.31
1.0 -2.0| .092 2.80 155 2.58 .092 3.13
2.0 - 3.0 | .033 5.25 .03 5.38 .03k 5.72
3.0 - Lh.0o| .00k5 | 16.58 013 12.82 .00k2 19.38 ’
Lo -5.0]| .0062 | 12.45 .0050 | 15.72 0069 13.25 .

2.



Table II (Cont.)

o o Region I Region TI Region III
Energy Interval| V¥; (iV@I ¢II ,(EV&II WIII (iV%III
("/0) (“/o) | C/e)
5.0 = 6.0 - - - - - .
6.0 - 7.0 .0029 18.45 .00597: 18.68 .0035 18,43
7.0 - 8.0 - - - - - .
8.0 =-9.0 .0010 31.42 - - .0013 31.42
9.0 -10.0 |- - - - L. -

Let Wi(E) dE be the proportion of the total flux per unit energy in

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

= v;(B) & . (36)

Ee N E, |
O 3.

Bij

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

energy between Ei and Eg is then

3
RE = [ V,(E) B : (37)
E

¥*
i
.The analytical form of the function Avi(E) is not given, but its graph may be

approximated by the vij's that were calculated.

k E
If, instead of Y(E) , one considers y(u) , where u = /n ?;’ is the

lethargy and EO is some constant, then one may tebulate the proportion of the

-05.



total fast flux per unit lethargy. The relationship between W(E) and ¢(u) is

E, - E
Ay 2 1
¥Wu) = w(E) |Rx5 | = v(E) e — . (38)
/ Au 1 Tn El -In E,
Equation (37) may be replaced by
B3

R¥ = u) du 9
% éi* ¥, (w) (39)

and evaluated graphically. Figure 8 contains the histogram formed by plotting
the estimates obtained for wI(u) against the lethargy interval. E_ is taken
to be 10 Mev. Teble III contains the values of Y(u) for all three regions.

It should be noted that lethargy is inversely related to the energy.
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Fig. 8. Estimated Flux per Unit Lethargy in Region I.
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Table III

Estimated Proportion of Flux per Unit Lethargy in Three
Regions of the ORNL Graphite Reactor in Various Lethargy Intervals

Lethargy () Yrp(w) Vrrr(w)
0 - .10k - . L -
A0k - 223 .008 - .011
.223 - 357 - - -
357 - .51 .019 .025 .023
511 - 693 - - -
693 -~ .916 .028 .022 031
<916 - 1.20k .016 .0l +015
1.20k - 1.609 .082 .106 .08k
1.609 - 2.303 2132 223 .132
2.303 - 2.996 .196 .228 .202
2.996 - 3.689 .196 .20k .181
3.689 - 4.605 .2ho .203 .28
4,605 - 5.298 |  .235 .185 .220
5.298 - 5.991 296 239 306

=28~
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