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INTRODUC TION

The natural uranium, graphite moderated suberitiesl
assenbly constructed at Iowa State College has been utilized
for several theses investigstions by graduste students, A
large number of the operating characterieties have been ine
vestigated, but a review of the theses disclosed that a de-
termination of the actual neutron flux throughout the assembly
had not been undertaken.

The purpose of this thesis was to obtaln the fast and
thermal neutron fluxes throughout the assembly with the fuel
removed, In addition, the thermal neutron sourece which was
equivalent to the existing fast source was to be caleculated,

This assenbly, with the fuel removed, consisted of a
rectangular parallelpiped of graphite moderator with an ex-
ternal fast neutron source, This moderating system 1s essen-
tially a "sigma pile” with holes Interspersed at regular
interveals.,
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REVIEW OF LITERATURE

A development of the theoretical thermal and fast neutron
flux distribution in 2 system conslsting of a graphite modera-
tor and s fast neutron source was presented in Glasstome and
Edlund (8)., The theory underlying the treatment of fast neuw
trons as a single group was developed by Hughes (12).

The various research techniques that have been developed
for measuring fast and thermal fluxes were discussed at length
by Hughes (12), The procedures used to measure flux, and
calibrate the suberitical assemblies and moderators at the
Argonne National Laboratory were covered in detail by Hoag
(11).

The induced beta activity of indium folls has heen used
frequently to evaluate neutron fluxes, A& commonly used method
of cbtaining neutron fluxes appeared to be the use of a come
bination of indium folls and a calibrated counter, The prep-
aration of a standard source and the utilization of the source
to calibrate the counter was presented by Sleuler and Golde
smith (2),

Considerable insight inte the field of activation cali-
bration was obtalned from the reports of the Atomie Fnergy
Commission laboratories which have published the results of
their research, In 1951 the procedures used and the results
obtained from the calibration of the Hanford Standard Pile



3

were released by the Atomle Inergy Commission (4). Indium
foils were used for flux messurements and for calibrating the
counters, The absclute neutron fluxes were measured in the
Hanford Standard Pile in 1954 (5). These measurerents were
obtained by activation techniques using gold and indium folls.
The Xe10 standard graphite pile of the Oak Ridge National
Laboratory was calibrated in 1952 (1), The flux measurements
were obtained by gold fell activation,

In a series of three reports released between 1955 and
1957, the maelear engineering depsrtment of FHorth American
Aviation deseribed the methods used in their lsboratory to
determine absolute thermal neutron flux, The first report
presented the methods used to determine the ratloc of thermal
to resonance neutren densities using indlum foils (%) Thelr
second report deseribed the procedure used for sbsolute beta
eounting (1%), The final report of the series explained the
iuhniwu of obtaining absolute thermal neutron fluxes using

‘metivated indium folls (10),

Information regarding the physical and operating proper-
tles of the graphite moderator deseribed herein was obtained
from the research of previocus graduate students at lowa State
College who ecnducted various experiments on the suberitical
assenmbly.
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LIST OF SYMBOLS

Units
gne/gn. atomie wt,

neutrens/in,% sec,
neutrons/em,2 see,

epm., ©pS.

in.
in.

neutrons/in.2 sec,
neutrons/em,2 see,

in,

in,, em,
mge/om.2
eV

Meaning
Atomlie welght
Composite source constant

Aetual saturation activity

Distance along x axls between
zero flux positions

Distance u};wn%J axis bebween
gero flux poaitions

Proporticonality censtant

nd correction factor
Harmenie correction factor
Coefficient of variation

Distance along 2z axis from
source to zero flux position

Diffusion coefficient
Half thickness

Energy

Back seattering factor
Gamma correction factor
Efficiency factor
Geometry factor

Sel1f absorption factor
Total correction factor



Symbol

tt:ﬂddaga

o

Units

neutrons/in.2 see,
neutrons/en,2 see,

CPfley CPBW
ﬁmn/mt

neutrons/em,3

atoms/gn. atomie
whe

-

neutrons/in.s

ge0C .
neutrons/enm,

200G,

neutrons/sec,

neutrons/sec,

mg*/m.a

1m3, em,3
em,/sec,
ey MZe
in., om.

in,, om.
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Meaning

Absorption factor

(t‘g) t{ry)e(f,)

Dead time factor

Humber of logarithmic increments
Indium

Indium isotops

Heutron current denalty

due to mode m, n

Measured saturation activity

Heasured normalized saturation
activity

Heutrons per unit volume
Avagadroes number

Slowing down density

Equivalent thermal neutron
source strength due to the
first mode only

Thermal neutron source strength
due to mode m, n

Thickness
Volume
Veloeity
Veight

Distance along horizontal axis
representing depth of moderator

Distance along horizontal axis
representing width of moderator



Symbol

Unlits

ine., om,

-l -l

-
in. F'] MO

’.ﬂ., Oe
ome2/mg.

. - 3
o

Cile
Clli e

Cite

Cm,
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Heaning
Dlstance along vertical axis

representing helght of moderator

Beta partiecle

Inverse relaxation length,
subseripts denote mode

Inverse relaxation length due to

mode m, n

Inverse relaxation length due %o

first mode only

Inerement

DMrac delta function
Inverse diffusion length
Trangport mean free path
Abgorption cocefficlent
Logarithmic energy decrement
Density

Summation

Maecroscopie activation cross
section

Standard deviation

Mieroscople absorption ecross
section

Mieroscople setivation eross
section

Microscoplec scattering cross
section



Units
neutrons/om,% see,
mautaaau/ﬁuga ge0,

neutrons/en,? see.

neutrons/en.? see,

7

Heaning
Thermal neutron flux
Fast neutron flux

Thermal neutron flux dus to
mode m; n

Thermal neutron flux due to
first node only

Laplacian operator
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TEEORETICAL NEUTRON PFLUXES

Thermal Flux

General

Consider a rectengulsr parallelpiped of moderator
material with a plutenium « beryllium source st one end, The
sourees is a point scuree of fast neutrons, Yowever, after
the neutrons have passed through a short distence in the
moderator a large portion of the fast neutrons will be
thermalized, These thermal neutrons are essentially
monoenergetie, so it is possidle to postulate a distributed
plane scurce of monocenergetic neutrons at the base of the
parallelpiped, z = 0,

Determination of flux dstribution in this moderator
is effected by sclving the wave equation for positive values
of g away from the source and all physical boundaries (8,
pe 118),

Vzd)“'x-zq)‘g: Eqe 1

where v € is the Laplacian operator, ¢ 1s the themmal neutron
flux, and x 1s the reciprocal of the diffusion length,
Boundary conditions necessary to solve this equation ares
(a) The flux is everywhere finite and nen negative,
(b) The x and y dimensions of the bYloeck are a and b
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respectively, These dlstances are the lengths
glong the respective axes between points of zero
flux on the 2 = 0 plane, Effectively these are
equivalent to the distance between the physiesl
boundaries plus the extropolated distances, The
distance ¢ is the distance along the g axis from
2 =0 to where the flux is zere.

(e) The source econdition will be considered when 1t 1s
applied to the solution,

Ege 1 expressed in rectangular ccordinates 1s

dz(b:@ da¢*dz¢ Q)(_z¢'°o Eqe 2
a;! c)? d'!

Applying boundary conditions (a) and (b), the following solue
tion is obtained for Eg, 2 (8, p. 121)1

s oo = e - z
b= Gy o Am | cos BLE sos 21X o™ )
(1« e-2%mie=), Sq. 3
The quantity ¥, is defined as
2 iy Iy
o= &2 @)? o2, Bqe b

The guantity A,,, & combinstion of all the constants obtained
in the development of Eq, 3, must be evaluated with the source

condition,
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The source condition to be satisfied, boundary condition
{e), ig that the number of neutrons flowing out of the plane
gz = 0 per unit area per second for the mn mode must equal the
number produced by the source in that mode, To satiafy
boundary condition (¢) the net current density, J,,, 1s
evaluated as follows (8, p. 121)

Jum = =D (igl?.)gﬂ (bfm‘m“sn'i‘.lmngg‘_z.)
(o~ Tm®), Bae §

A souree of this type may be written as 8 3(x,y) at z = 0,
where 8(x,y) is the Dirasc delta funetion, From the definie
tion of the Diraec delta fumetion, the value of the sourece,
8, at the origin, x =y = g = 0, is
4 00
333(0)“5"3{:)&(;)6:’ Bq, 6

Ege 6 13 expended in a series of orthogonal funetions which
satisfy the boundary eonditions (8, pe. 122), Eg, 6 becomes

8 8(x,y) = Spn cO8 "“Ei‘lx sin a—g-la Ege 7

Tz
m=] nel

%"Ht Bq. 8

Sinee 8 in Eq, 7 and 8 represents the neutrens emitted in the
+2 and «g directions, the equivalent source for the moderstor
in the +g direction is



Sm = &4 Eqe 9
Comparison of ig, § and 7 gives the following value for At

i . 20

The souree term, 5, iz the number cof thermal neutrons emitted
per seccnd by a point scuree located at x =y = g = 0, The
constant D is the moderator 4iffusion coefficient for fluxg
it has the dimensions of length, The eguation for the flux,
ige 3, now becomes

| ® 2 i 8 m %
d"ﬁ%é,&-ﬁ;‘ uc!..;.l mlTl

g {m‘.““l la

[ 1= L §

Limit the expansion of Eg, 11 to the first and third
modes, and Eg. 11 becomes

- 4.8 - @
B prdadh o
Y118 « Y338 =
{1*&-;..— o (]_753”2 con
not-u;‘ «m.”‘l

con 202+ 7 000 205 con Iz
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> {‘ & » 0
[ 1.0"2 fpleely, Eq, 12

The terms included in the braces in Eq. 12 meke up the hare
monie eorrection term, Cy. The terms inoluded in the brackets
make up the end correetion temm, Cg. With these substitutions
Bqe 12 con be written as

¢'%L{.ﬁf ma.\";& mul_"l (Cn) (Cg). Eqe 13

The thermal neutron flux due to the first mede omly, O,,,
is obtalned as follows:

R e T P

where
G‘-—é'%'q-“‘ 11

Activatlon
Conalder a particular element which forme a radioclsotope

when it absorbs a neutroen, The amount of thisg radioisotope
formed can he determined by measuring its radiosctivity., If
& thin foll of this element is exposed to s neutron flux for
sufficient time to become saturated with radiation, the
moasured activity of this foll is 1ts saturation activity, A_.



13

If the foll is thim, the neutron density may be regarded

as oconstant throughout the foil because the foll does not
depress the neutron flux significantly. If the volume, V,
and the macroscopic activation eross seetion, Iy, of the foll
are known, the flux can be determined as follows (8, p, 53)s

bu w% g £q. 15
Since ig varies with the energy of neutrons, Eg. 15 applies
only to moncenergetic neutrons, Thermal neutrons are cone
sidered monoenergetie, so ig., 15 can be used to caleulate
thermal neutron flux,.

Fast Plux

Seperal

Consider a rectangular parallelpiped of moderator
material with a plutoniumeberyllium souree at one end, The
source is econsidered a polnt souree with a known energy
speetrum, The moderator consists of a material which has a
low absorption oross seoction ags well as a high slowing down
power,

Agsume the absorption of neutrens in the modorator is
negligible, then the dlstribution in energy of the neutrons
while slowing down ocan be obtained as follows (12, p, 28)12
Assume ¢ neutrons are produeed per unit volume in the mode
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erator, The slowing down demsity, q (E), whieh iz the number
of neutrens passing s given energy per unit time per unit
volume 18

qQ (B) =n (5) aB v ¥ o, | Bge 16

where n (E) is the density of neutrens per unit emergy, AR is
the energy loss per sénium, v is the veleelty of the neu-
tron at the partlieular energy, ¥ is the neutrons per unit vole
ume within the energy interval, 'md g 1s the secattering eross
section of the moderator, Substitute § , the loss in 1n, B
per collision, and AE in Hg, 16 is equal to § B, Substitute
§ » the neutron flux, for n v and the neutron flux per unit
energy becomes Q(E), Them Eg, 16 becomes

q(8) = O(E) E § We B 17

For ne absorption g (£) equals q, thus,

(i) = 5” i. ‘ Bge 18

and the flux throu
by

wut the energy epectrum can be represented

PlE) 48 = '?ﬁ ‘ Eg. 19

Thersfove, the flux in the slowing down region i1z proportional
to dB/E,
The flux within any snergy Increment can be evaluated as
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| E) ® 8 2 2 ae 20
P(5g) = Gimy) ST 23 g, i) Fae 20

If the inmerements of emergy are taken such that Eg/Ey = 10,
then

and the fast meutron flux, Pg, 15 obtained from the summation
of the flux in sach energy interval over the energy spectrum,
PR T 4 PLE) = (1) (2,3) e, Eq, 22
$ Speetrum . F &s g
where I represents the number of intervals of Ep/B, inecluded
in the energy spectrum of the source,

Aetivation
The basie theory presented for the measurement of thermal

noutron flux by activation holds true for the measurement of
fast neutron flux, However, Eq., 15 must be modified to allow
for the variation in activation eross section with energy,.
The saturated activity, A, , can be written in the form (8,
Pe 161},

A =V 5&. (5) P(x) am, Bq. 23

where Zg (E) is the mecroscople setivation cross seetion of
the foil for neutrons of energy &, and Q(E) 1s the neutren
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flux per unit energy interval at this energy. Since the
measuremsent 1s beling made In a moderator Iin which the abe
sorption of neutrons is small eompared with the seattering,
P (E) ean be related to the slowing down density by (8, p,
169)

O(E) = g * Bqe 2

where § 1s the loss in In, E per collision, and I, 1s the

maeroscople scattering eross section of the moderater which
is assumed to be constant in a weakly absorbing moderator,

Thus, Eqg. 2 can be written as

Ao = Al (o ) §E, Sq. 2§

Ege 28 ean be rewritten in terms of the miercecopic activation
eross section, Ogey, a8

Ao® fpe (N V) 5«,,, (5) & Bq. 26

where N is the nmumber of neutrons per unit volume within the
energy interval. To obtein the fast neutron flux, the aestivity
must be measured over the energy Interval from 0.4 ev, to the
maximum energy of the souree, The fast neutron flux is reo-
lated to neutreons with enevgies above 0,4 ev,.j whereas, the
thermal neutron flux iz related to neutrons below 0.k ev,

(11, ps 66)s The ecomstant, ¢/€ I,, can be evaluated frem
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fBge 263 this constant substituted inte Hg. 22 provides a
mesns for determining the fast neutron flux.



Hoderator

The mederator utilized for this experimemtal work was
the lowa State College suberitical sssembly with fuel removed
shown in Figure 1. It consisted of rectangular bloeks of
graphite wbileh had a specific weight of 97.3 pounds per cuble
foot stacked 10 rows wide and 1 layers high, Each block was
60 inches long. The first nine layers of blooks were & in,
wide and 6 iﬁu high; the top five layers were & in, wide and
% in, high, The grephite blocks were cut frem 7 in, diameter
eylindrical rods so that the rounded corners provided holes
in the moderator inte whieh fuel rods or measuring apparatus
eould be inserted, The overall dimensions of the moderator
were 61 in, by 63.25 in. by 79 in,

The woderator was positioned on a wooden frame which
rested on a oonerete floors The 12 inches between the cone
erete {loor and the base of the moderating material permitted
three open topped aluminum tanks to be Inserted under the
plywoed upon which the moderating material rested, These
tanks covered the base area of the moderator, and were kept
full of water, A small compartrment was construeted in the
eenter of the middle tank to house the source,

The moderator was covered on the top and sides with a



Figure 1. The suberitical assembly
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sandwich construction econslasting of masonite, plywood, and
& 0.010 inch cadmium sheet, The latter presented an effective
"black boundary™ te the neutrons,

Five separate plutoniumeberyllium capsulea, encased in
tantalum and stainless steel eylinders, provided the neutron
‘soures, These eylinders were 1 in., in diameter and 1,379 in,
high. Eaeh mm had en average rated strength of 1,63 =
106 neutrons per second, The sources were mounted uprizht in
a wooden frame with the top of the oylinder 1/16 in, beneath
the base of the moderator, The sources were positioned te
form & eruciform oriented along the x and y axes of the
moderator as shown in Flgure 2,

Agtivation Folls

Indium folils were used to measure the neutven flux
through foil sctivation, The folls were 0,003 In, by 1,0 in,
by 145 in, and each was weighed to the nearest 0,1 mg. Baech
foll weighed approximately 0.59 grams, The folls were glued
to aluminum planchets, which were taped to weoden yard stieks,
which eould be inserted into any of the holes throughout the
moderator, The uh&m used te shield the indlum foils from
thermal neutyon flux formed & package with an effective
caduiun thickness of 0,020 in,
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Figure 2., Graphite moderator
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Counting Equipment

All indlum foll ametivities were counted with a Fuelear
Chicago end window Gelger-ifiller tube, The end window was
miea with a thicimess of 1, mg, per em®, A ¥uclear Chicage
decade sealer was used In conjumetion with the counter, The
activated folls were placed 0,071 inches from the end window
of the counter, The folls were positioned on an aluminum
tray in a lead shield for counting,
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Activation of Tndium Folls

To determine the neutron flux distribution throughout
the moderator 1t was necessary to measure the sebivity of
irradiated indium feils periodically throughout just 1 of
the moderator., ISince there was symmetry in the + and «
directions along both the x and y axes (1, pe. 40), measure-
ments from the origin aleng the +x axis, the <y axis, and
the +z axes, as shown in Pipgure 2, were adeguate for coverage
throughout the moderator, Polls were activated at x = 0, 10,
and 20 in,, y = 0, «6, «12, »18, «; and «30 in, on a single
plane of the ¥ axls on each experimental run, Thirteen sur-
veys were made with bare indium folls at g = 6, 12, 18, 24,
30, 36, L2, k8, 54, 59, 64, 69, and 74 in, Sight runs were
made with cadmium covered indiwm folls at z = 6, 12, 18, 24,
30, 36, 42, end L2 in, The cadmium covered surveys were dise
eontimued after eight runs decanse the activity at the upper
levels could not be distinguished from the background,

The indium folls wers irrediated for a minlwum of eight
hourse This insured an activity of 99.8 per cent saturation
setivity of the Bl minute half life, indium beta partiele.
The saturation setivity represented the equilibrium condition
in whieh the disintegration rate escualed the formation of
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radloactive nuclel,

Heasured activities of sash foll were corrected for
background. This aetivity was corvected to saturated setivity
at the time of removal from the moderator, and was then die
vided by the weight in grams of the particular foll to obtain
a normalized saturation activity, my, (11, p. 70«77), where m,
equaled counts per minute per grem of foil,

Detersination of Aectual Saturation Activity

To determine the neutveon fluxes, it was necessary to
convert the normalized saturatien aetivity, my,, to the aectual
saturation activity, Ax . 7This waes sceomplished by calibrate
ing the countesr with a standsrd semple., The preparation of
the stendard sawple, and the methods used to calibrate the
sounter were delineated in Appendix A, The total correction
factor, fy, for all the indlum folls was determined to be
04045,

geunts | Bg. 27

Thermal Flux Determination

The actual saturetion setivity, Ao, 1s the dlsintegra-
tion rate of the satursted indium folls. It 1z related to
the thermal neutwven flux, ¢ , as shown in Eg, 15,



hoo =V 3, P, Bge 15
where

A ™ saturstion activity, eops.

vV = yolume of foll, enes

i, = megroscople astivation cross section, ﬂu""

® = thermal neutvom flux, neutrons/cn.? see,
Then Eg, 15 was rearranged,

o 2% %a. 5 Eqe 28

m, ® counte/min,/gm, = W

¥ = normalized welght of foll, 1 gram,
fy = correction factor,

Hg = Avagadroes number, 6;933(3,9723 atoma/pm,
atomiec welght,

A = agtomic welght of indium, 115 gn./pne atemie
welight,

%:_i% = fraction by weight of In''> in In, 0,9577, and
Gget = Sotivation cross section of 115 for thermal
neutrons, 155 (10)° o2
The activation eross section of In'> was deterained from the
data scmpiled at the Brookhaven Hational laboratory (13).
The astivation eross section was determined for the Sh
minute half 1ife G partiele, The effect of the 13 second
half 1ife 3 particle was eliminated by walting 2 minutes
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before eounting the aetivated folls. NHowever, some ganma
rediation 414 aceompany the © decay (7, pe L26), To detere
mine the actual amount of pamma redietion present, an absorpe
tion curve was cbtained using seversl thicknesses of
ebsorbers, and the curve was plotted in Figure 3, The gamma
setivity was extrapolated baek to gero sbsorber to get the
fraction of the total measured sctivity which was due %o
gamme radiation, The garma eorvection factor, f,, was detere
mined to be 39/40 sinece 1/40 of the total setivity was due to
goema setivity, Eq. 28 was then expressed as

my A (In) (f,)
Ay X Oact) (Hg)

Eq. 29

* T60) (0.0bsh) (155) (10)° (6.023) (10023

The values of the thermal neutron flux, ¢ , throughout the
moderator are tabulated in Table 1,
Fast Plux Determination

The effective fast neutron flux, P g, wes determined
from Ege 224
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fable 1. Thermal neutron flux (meutrons/en® see.)
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dyw 2 5) = (1) (2, . B 22
t~$p¢ﬁm t‘k"'t)(#ﬁ)ﬁm Hge 22

The energy spectrun af the plutoniumeberyllium source extended
from gere to 10,5 Mev, (16)., The symbel I represented the
number of intervels of Ep/E,, extending over the source spec-
trum where Ep/Ey, equaled 10, The energy intervsls are tabe
ulated on Table 2, where I was determined to be 7.26.

Table 2, Energy intervals

Humber of intervels Energy limits, ev,
1,00 0 to
1,00 'ﬁ to %mal
1400 5(10)* so 1(10)2
1,00 410)2 o 14(10)3
1400 5(10)3 te N(10)%
100 L(10)t so 4(20)5
1,00 5(10)° vo L(10)6
0s26 5(10)6 o 10,5(10)¢
7.26 Total Oul to 10.5(10)%

The quantity, @/ § Z,, was evaluated from Ha, 26,

A, =2 V) Scm (x) & , fq. 26

where
A, = saturation sctivity, cpa.,
= gtoms of InilS per — foll, and



A

V = volume of foll, ey
The integral in Bg, 26 1s the resonance sctivation eross
section integral for In*'®, This integral was evaluated from
the cadmium cut off at 0.4 ev. to infinity, The value of the
integral was detemmined to be 2580 (10)"% em,2 (12, p. 139,

Eqe 26 was then rearrvanged, so that |

AL = ¥ g W Wy V_25% (10)°2%

HE o

. -
where my, W, gy Ngy A and ¥V were dotormined previously to
evaiuate ¥g, 25, When these values were substituted into
Ege 30, 6/t 4y was evaluated as follows: ‘

Ege 30

Bqe 31
‘ #
-
The value of @/ 4, was then substituted into Bq. 22 te
obtalin,
be ® (7426) (2.3) yoiy Bas 32

= 0,463 (m,) fast meutwens/em.” sec.
The values of the fest neutron flux, ¢ ¢+ throughou
moderator are tabulated in Table 3.
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RESULTS AWD DISCUSSION

Theymal Neutron Flux

The experimentally determined values of the thermsl
noutren flux listed in Table 1 were pletted versus positien
along sach of the three axes te show the dlstributien of flux

roughout the moderator, The distridution of the flux along
each of the axes was plotted in Pigures i Shrough 12,

Figures L through 9 showed = trend towsrd a cosine dise
tribution of thermal flux along the x and y axes, As 2 ine
eroased the distribution approached the theoretical cosine
distribution, This was due %o the fast neutrons from the
souree not being slowed down inte the thermmal region for
small values of 2. The majority of fast neuvtrons were there
malized before reaching the s = 18 in, lovel; sssentially all
the neutrons were thermalized at the z = 48 In, level,

Figures 10, 11, and 12 showed a trend toward an
exponentisl decrease in flux along the 2 axias, If the source
had been an Infinite uniferm plane of thermal neutrons, and
if the moderator had been infinite, the slope of these curves
would have been a straight line, However, the fast neutrons
presont at low levels of 3 @m to the fast souree, snd the
leskage and deviatien of the flux at the finite boundaries
cauged the flux to be decreased from the theoretieal value,
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It wag noted that in the center of the moderator, awey from
all boundaries, the slope was a stralght line,

In order to make s direct comparison with the theorstiecal
thermal neutron flux developed in Hg, 1L an equivalent thermal
source was calculated from the experimental data, The equive
alent thermal neutron scurce is the constant 3 im Hg, 1, It
represents the number of the mal neutrons emitted per second
from a point source at the origin wiich would give the thermal
flux ddstridbution obtained experimentally, From Egq. 1l,

w n ¥
8‘65»9 11

The magnitude of the source depended on the eveluation of the
constanta in Hg, 33, These constants are releated to the
gecemetry, and the material of which the moderator is cone
strueted, The methods used, and the velues obtained for those
eonstants are presented in Appendix By The valwe s of the cone
stants are listed in Teble 5, and from Fg. 33,

Eae. 33

8 = 2,992(10)6 thernal neutrone

e 34

Eqe 1 was then evaluated to deternine the caleoulated
thermal flux distribution of the primary mode.

P = (1593) 6005 % oon fgfoon gk .3

The values of 3y were caleulated for various values of x, ¥,
and 2 to show the distribution of themmal flux. The results
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ef these caleulations are tabulated in Table L.

The experimental thermal neutren flux values listed in
Table 1 are I 3 ¢ which included the effects of har-
monics and ‘gl a:;iwﬁwn The harmonie and end corresetion
factors were caloulated and tebulated in Table L., The
'21 ;i’_% flux was divided by the correspending harmonie and
end correction factors to obtain experimental values of Oy to
compare with the ealeulated values, The results of these cale
culations are listed in Table L., The ealeulsted and experie
mental valuea of ¢u were compared In Plgures 13, 14 and ';5.
Pigures 13 and 1l showed the distribution of flux slonz the x
axis with y = 0, and 2 = 36 in,, and along the y axis with
x=0and z =26 in, PFlgure 15 compared the distribution of
flux along the 8 axis with x = y = 0, The experimentally
detornined flux ecompared [lavorably with the csleulated fMux
along the x end y sxes. In the center of the moderator the
comparison was geod along the ¢ axes, However, rear the
source the eamparison was poor, This was due to the effects
of the fast neutyon source, By the time the fast neutrons
had reached 2 = 18 in,, the majority of them were slowed down
to themmal energles, The deviation of experimental flux fyom
the caleulated, at large values of 2, was due primarily to
the statisties of counting, The activity at values of 2
greater than 59 inches was so small that 1t was not possible
to cbtaln an accurate neasurement,
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Fast Yeutron Mux

The experimentally determined values of the fast neutron
flux listed in Tebls 3 were plotted versus position along each
of the three axes to show the dlstribution of flux throughout
the moderator, The distribution of the flux along each of the
axes was plotted in Figures 16 through 2.

Plgures 16 through 19 showed a trend toward a cosine
sguared dlstribution of the fast flux along the x and ¥y axes,
Although the magnitude of flux deereased as z ineveased, due
to the slewing down of the neutrons, the dlstridution remained
the same, At g2 = 48 in,, or the equivalent of L7 in, from the
point souree, easentially all the fast neutrons from the
source were thermalized,

Figures 20 and 21 showed an exponential decrease in the
flux slong the 8 axia, The slope of the curves 18 in, away
from the scuree, and the physieal boundaries of the moderator
was constant, The relaxzation length, the distance required
in grephite to deerease the intensity of the flux by s factor
of e, was caleulated fronm Pigure 20 using the dlstribution
along the 2 axis where x = y = 0, The equation of the
straight line wae developed in Eg, 12,

(bfﬂﬂ#*{* Ege 36

Mmag”{(m) Bge 37
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10 =¢ o= ¥ (42) Ege 38
Equations 37 and 30 were solved simultaneocusly to obtain a
value of 0,120 1n,*} for ¥, The relexation length, the
reciprocsl of ¥ , was determined to be 8,33 in., For the
thermal neutron flux the value of Y33, determined in Appendix
B, was 0,095 in,"l; the relaxation length for the thermal
neutrons was 11,76 in, The relaxation length of thermal neus
trons was 41 percent greater then the relazation length of
the fast neutrons,

Aecuracy of Results

The methods used and the results ocbtained from the de-
ternination of the standard deviation in the flux measurer
are presented in Appendlx O, The standard deviation of the
flux velues were determined from Fg. Y1, The standard devia=
tion of the component was divided by the emmponent to obtain
the coefficient of variation, Gy, The Oy in the calidration
precedure was caleulated te be 11,1 percent, The Oy of the
measured astivity, m,, of the indius folls varied from 0,1
percent near the souree to 2.2 percent msar the beundaries of
the moderator, The Cy in the ecalibration procedure was
constant for all flux measuressnta, but the Cy in the measured
setivity inereased with distance from the souree, Therefore,
the Cy in flux measurements varied from 11,2 pereent close to




57

the source to 19,3 pereent near the boundaries of the moderae
tor, In the vieinity of the center of the moderater the Cy
was 12,9 pereent,

The vertical bars superimposed upon the experimental
points whieh have been presented graphically in this thesis
represent the standard devistion of the measured setivity.
Where bars have not been shown, the deviation is less than
the sise of the symbel,
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CONCLUDIONS

Thermal and fast neutron fluxes in a graphite moderator
with a fast, external, neutyon cource can be messured by
utilising a combination of metivated indium folls and a
ealibrated counter,

The thermal flux distribution in this graphite moderator
agreed very well with the theory, A coeine dlstribution
about the x and y axes snd an exponentisl variation along the
g2 axis was cbtalned, This was strictly true only for fMux
measurenments taken more than 18 inches from the souree, snd
away from the physioal bowndaries of the woderstor. The
strength of the equivalent thermel souree was 2,992(10)6
neutrons per second, The relaxation length in graphite was
11,76 inches, |

The fast neutron flux varied im an approxinmste cosine
squared distribution sbout the x and y axes, mnd exponentially
slong the ¢ axis, Within 18 inches of the source the variae
tion along the ® axis wes not exponentisl. Essentlally all
fast neutrons were thermalized after passing through L8 inches
of the moderating material, 7The relexation length of the
fast neutrons in graphite was 5,33 inches,

The coefficient of variation in the detemmination of the
neutren fluzes veried from 11,2 percent close %o the souree
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to 19.3 pereent near the boundaries of the moderster. In the
center of the moderator the Cy was 12,9 pereent,
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SUCOESTIORS FOR FURTHER STUDY

Further Investipgation Inte the fast neutren flux distrie
bution could be ecarried out by cobtalning the energy spectrum
of the neutrons throughout the moderator, The energy spectrum
of the sourece is known, and the change in the spectrum due to
the slowing down of neutrons could be obtained by sctivation
techniques, This could be asccomplished by taking a seriss of
measurements with a variety of folls with different resonance
peaka, The energy spoctrum might also de obtained with a
spectraneter,

If the variation of the energy spectrum throughout the
moderator were known, & more acourate fast neutron flux
distribution could be obtained., Sinece the mieroscople eross
section varles with the energy of the neutron, the energy
spectrum would provide the means of obtaining an sceurate
value of the eross seetion,
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APPENDIX A3 CALIBRATION OF COUNTER

Preparation of Ztandard

To determine the neutron flux it was necessary to obtain
a comparison between the actusl disintegration rate, and the
measured activity of the indium, This was accomplished by
calibrating the counter with a standard smmple.

The liquid thallium used as a standerd was preparved W
Bureau of Standards, Washington, D, €, in April 1953, Thalli.
um was utilized as a standard because its © aetivity is
gimilar to thet of indium, The averape energy of the indium
G 18 0,9 Mev.; the average enerzy of the thallium < is 0,764
Meve Thallium contains no other contaminating redlation
particles, The ¢ has a half 1ife of L,0 yvears, so 1t was
considered an ideal standard,

An sluminum plsnehet 1,75 ine by 1,25 in, by 0,02 in,
was used to mount the standard, The same size planchet was
used for mounting the indium folls, se background and back
seattering effects were the save for the indium and thallium,
The planchet was ecle sned with cmrdon tetrachloride, A strip
of seoteh tape, the saeme ares as the indium foll, was placed
on the planchet; the planchet was them sprayed with kyrlen,
The kyrlen formed a border arcund the planechet leaving the
desired interior srea for the thallium stendard after removal
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of the tape. |

The original thallium sample had a © setivity of 11,430
disintegrations per second per milliliter as of April, 1993,
in approximate determination of counter efficlency and sample
strength showed that 100 miereliters of the thalllum would
produce an activily comparable to the activated indlum folls,
4 100 microliter sample was pipeted from the source and de~
posited on the prepared aluminum planchet, Two distilled
water rinsings were alsc deposited on the planchet to ensure
that all the radiomctivity removed from the thallium souvee
was actually received by the planchet, Two drops of Aerosol,
a spreading agent, were then added to the solution, The
solution was dlstribubed evenly within the borders of the
planchet with a glass stirring rod, The rod was rinsed with
distilled water, and the rinsings were hm& to the selution,
The solution was placed under a heat lizhiy the water was
evaporated, and & uniform thin layer of thallium remained on
the planchet,

Aotivity of Stendard Sample

The aetivity of the 100 miereoliter prepared sample was
1143 dlsintegrations per second at the time of 1ts original
preparation, April, 1953, This standard sasple can be used
for future calibrations by ecaleulating 1ts current sctivity
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due to the Q@ deeay with a half 1ife of L.,0 years, The dige
integration rate of the standard sample was caleulated to be
25,740 countas per mimute as of € December, 1958,

The setivity of the standard thallium sesple wasg then
measured with the same counter configuration and geometyy
used for detemining the activity of the indium folls, The
aluminum planchet was inserted in the holder, and a series of
long counts weye teken} the average was 1753 opm. The planche
et was turned 180 degrees, and a second series of counts avere
aged to 1045 opm, The average count rate for the two possibdle
geometrie arrangements was 1799 opm. which was utiliszed teo
calibrate the counter., The 2,55 pereent deviation from the
average count rate for esch configuration was an indleation
of the unifomity of density of the activity en the prepared
standard, The average activity was then corrected for deesd
time and background, snd the net measured sctivity was deters
mined to be 1774 epm.

Ivaluation of Correction Fsectors

The varicus counting correetion factors were determined
for the standard, Corresponding factors wers then applied to
the measured saturated activity of the indium foils to deter.
mine the amctual saturation activity, These correction factors
were determined in accordance with the experimental procedures
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set forth by Bleuler and Geldsmith (2),
The relationship of the factors follow (2, p. 95):

m= (A. ) (fy) () (£f) (£,) (fy) (£y) Eqs 39
where

m is the net measured activity, opm.,

Ao 42 the sotual saturation activity, opm.,

fo is the effiosleney factor, ratlo of observed counts,

te the actual number of particles which enter the

counting volume,

fr 13 the dead time correction factor, dead time

corrections were applied before arriving at a net

counting rate, so 1t can be consldered as unity,

fg 18 the true gecmetry factor, fraction of total solid

sngle which 1s subdended by the active area of the

eounter,

fy is the absorption factor, ratio of activity srriving

at counter to that emitted,

fp is the baeck scattering factor, ratio of activity

counted on the standard mounting to that on a welightless

mounting, snd

fg is the s¢lf abserption factor, fraction of activity

absorbed by the radicaective material being counted,

Sinee the goometry, .‘.3, the backing and mounting of the
sample, Iy, and the efficlency of the counter, fg, were
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identical for the thallium sample and the indium folls, they
were combined as one correction factor, Thus, (rs_)'(t,;.
(fg) equaled £33 f) was caleulated for the thallium stendard
and the ssme correction was applied to the indium folls,

The thallium semple waes very thin and essentially welghte
less, so fg was sssumed to be unity., The faetor £, for
thallium was determined from an absorption curve, This was
accomplished by measuring the eetivity which passed through a
range of added aluminum absorbers, These sctivities were
plotted on a semi log plet versus added absorber thickness on
Flgure 28« The best straight line was drawn through the
pointa; this line was extended to sero added absorber, and
then te zero total absorber, The difference between sere
added and sero total asbasorber, 1,62 nm/mat, was due to the
mioca window in the counter, and the alr space between the
sanple and the window, 7The ratio of the asctivity with serve
added absorber to the setivity with gere total absorber, £,
was determined to be 0,97,

Then from Bg. 39,

- n
R ¢ i € £

= 0,0712,
Te determine £, for the Indium foile another absorption
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curve was plotted on Filgure 23, 8ince the indlum folls de~
cayed repldly, 1t was necessary to normelize all aetivities
to the met activity with gero absorber, The nomaliged
activity was plotted versus sbsorber thickness on Figure 23,
The value of £, was celeulated as 1t was for the thalllium
standard, It was determined to be 0,97. The values of f
for thallium and indium were ildentical, but this was to de
expected sinoe the energies of the © perticles are almost
egual.

From the curve on Figuve 23, the half thiclmess, (¢ dl*.
for the @ of indlum was determined to be 48,5 mg./em.2, The
helf thickness waz determined by measuring the thickness of
absorber needed to halve the activity. The ebsorption
coefficient, /M., was caloulated as follows (7, p. 198)s

M

ae Wi - 4 ooms &,

The self absorption factor, f,, was then determined for the
indium folls (2, p. 86),

fa = | rrobrerd (1.0~ /2 (8] Eq, 40

= 046575,
where t = 63,6 mg./om.%, the thickness of the indlum foll,
The astual saturation activity of the indium foils was
determined fyom Eq. 39, '
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The total correction factor, fy, for all the indium folls
counted was determined to be 0,045k,
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APPENDIX Bs MODERATOR CONSTANTS

General

The theoretiecal therwal flux distribution as developed
in Eq. 1l of the text depended on the evaluation of cone
stants pertaining to the pecmetry and the material of whieh
the moderator was wm%mmﬁ

Gloometry Constants

Between the black boundaries, cadmium sheeting, the
moderator neasured 63,25 in, slong the x axls, and 61 in,
along the y axis, The iﬁnpﬂaw& distance from the physical
boundaries to gere flux was determined to be 0,75 in. by
evaluating 0,71 My for pure graphite (6). This value agreed
with the mensured value obtained in Piguve L. Therefore, the
distance between sero flux values along the x axis, &, was
64,75 in, The corresponding distance along the y axis, b,
was 62.5 in, The distance between the sourece snd zero flux
aleng the 2z axis, o, was 79,75 in,

Determinat ion of I3y

For eonvenience, Y13 was caleulated along the = axis with
x=y =0, The slope of the best atraipght line drawn through
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the points on Figure 10 for x and y equal to zero was utilized
as & trial value of ¥jq.

The trial value of Y3, was used to caleulate the end
eorrectiona,

-l {11 ( ﬂ*‘) .

Co®=1lee Ege 41

and the harmonic corrections,
{11_3 - Y33 03311 w {and
¥ L-?—L : -
Cp =1 +7q.0 { u*'-rﬁ-" 333 Eqs b2

developed in Eg. 12, (The final velues are tabulated in
Table L, for the corrvect value of Y3j)s The various harmonie
values of ¥ were caloulated as follows (B, pe. 121)¢

(o = %2 o (BF)2 o (B2 Na. 43
X &= {3: - (Tt‘)a - (é’g - Bee ki

The harmonie snd end correction for esch value of = were
divided into the experimental vaiue of O te m ¢11' The
values of ¢11 from 3 = 2} in, %o z = S in, were used to
determine the value of Y39, The valuer of = less than 24 in,
were not used decause of the effect of the fast nentrons at
the lower level of the moderstor. Values of 2 greater than
€l in, woren't used beomuse the statistical deviation was high
due to the deerease in flux, and also bdeesuse of the change in
lattice at this level,
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was the type of eguation which could be adapted to the deters
mination of {33 by the methed of least squares (3, pe 166),
The following procedure was usedt |
1. Tabulate the values of P33, 1n, Pqy, 2, 22 and 2
n, Dyqe |
2« Add the columns to pget thelir surmetion,
3. Sclve the following eguations for Y3y mnd C where n
is the number of values of 2 used in the procedure,.

& 1nc¢u " - {utx z) +n (in, C), Eqe 4S5
Z2(2in,Pyy) = « €yy (282) +1n, ¢ (2 2), Fqe b6

The caleulated value of ¥4, was then used as a trial value,

and the procedure was carried out again to ealoulate a better
value of Y33+ The recaloulation of ¥y was continued unsil
the trial and csleulated values were equal, This oceourred at

{‘11 = 0,088 iﬁi.&y
where
¢ = 8,908 mutma/ima 8eC

= 7,593 mtmslmﬁ aec,
The diffusion eoefficilent, D, was assumed to be the
coefficlient for grapbite, 0,356 In, (8, p, 127)s The various
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Table S, Moderabor constents

“enstant Value
& 6li.7% in.
b 62,50 in.
e 7975 in,
e 0.,0850  in,"!
. 0.0485 1,
Yu 0,1660  in,"}
LYY 0,1618  in,*1
§ 53 0,215¢  n,?
e 48.965(10)3 mg
“&;
¢ 7.893(10)3 umgmn/
f 1209

D 3#3% ine

gonstants caloulated in Appendix B are tabulated on
Table 5Q
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APPENDIX €t OSTANDARD DEVIATION IR FLUX
To obtaln the stendard deviation In the neutron flux
values, 1t was neeessary to detemmine the coceffieclent of

variastion for each component affeeting the flux, The ecoe
efficients of variation, Oy, are listed in Table 6.

Table 6, Coefficlents of variation

Component | Cy
4 » - 0,080
Ty 0,02
’“t 9.@323
A 0,00l
Hg 0400030
115 /in 09,0010

The stendard devistion; o, is equal to the coeffleient of
variation multiplied by the component,
The value of f3 determined from

n == - Bae 47

was 0,0712, The standard deviation of fy, ofy, was obtained



from Eqge h& (17: Pe 2@7}0

(of1)2  (og)? (w A2 4 (o arg)? 4 (of 4 Fq. 48
7ﬁﬁ*“mﬂ” (AT (1)

Ege 48 18 valid for the ealculation of the standard deviation
of products snd quotients where the ecomponents are constant
and independent of esach other, The standard deviations of
the ecomponents in Eg. L8 ere listed in Table 7.

Table T. Standard devistions

Component Hume rical o

evaluation
m 177440 - 1243
Ao 257400 1295.0
From Eq. 49, of) was deternined to be 0,00540.
The value of fy determined from Fgs 49,
fg=1) Ty Ty Eqe 49

was 0,0454, The standard devistion of fg was obtained from
Ege 50,

(o£4)2 _ (of1)?  (ofg)? , (afy)® | Eg. 50
(F0)2  (t)2 & (fg)2 (82
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The standard deviastions of the components in ¥g, 50 are listed
in Table 8,

Table 8, Standard deviations

Component fﬁ:{:ﬁ%{ﬁ, o
£y | 0.6575 0403290

Iy 0497 . 0,01940

From iq. 50, ofy was determined to be 0,00L275,
The value of the neutron flux was determined from Eg. 29,

¢'—i—-§.—-!b—-?b‘ : m.n
60 £y ooy Na 1g2 |

The standard deviatione of the components in Ya. 29 are
listed in Table 9,

Table 9, 3Standard deviations

Humerieal @

Component
P : evaluation ‘
Ty 040454 he278 (10"5
Oaet 158 (10)2h 5,000 (10)°%
A 115 060
Na 6,023 (10023 1,00 (1002
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Teble 9. (continued)

Componsnt fumerieal

T— wﬁm:m y

10325 /1n 0.9577 9.577 (10)°Y
Lo 39/40 h880 (10)~2

" s RS

The standard deviation of ¢ was obtained from Eq, 1.
2 £e)2  log {on)@
sqcbza o (W) (efﬁ__’
(¢)2 T2 (£)f (e ,J! (a2
o loMg)2, (oInll5/1)2  (of,)2
(1) 2 (xa“g/m)z (£4)2

- _%% +» 0.,01247,

?
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