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Abstract:
This thesis is a report of the research, in which the infinite multiplication factor of the Montana State
College natural uranium, water moderated subcritical assembly has been obtained both theoretically
and experimentally. Theoretically the infinite multiplication factor has been calculated from the
four-factor formula to which the simple diffusion theory has been applied. Experimentally the thermal
utilization has been determined by the foil-activation method; two-mil-thick Indium foil has been used.
The theoretically calculated value of the thermal utilization is (0.774) whereas the experimentally
determined value is 0.780. The material and the geometrical bucklings have been determined
experimentally with the scintillation counter and from these the infinite multiplication factor has been
calculated to be (0.911). The simple diffusion theory yields (0.960) as the value of the infinite
multiplication factor. Finally the effective multiplication factor has been found to be (0.814) and the
subcritical multiplication is (5.38). 
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Abstract

This thesis is a report of the research, in which the infinite 
multiplication factor of the Montana State College natural uranium, 
water moderated subcritical assembly has been obtained both theore­
tically and experimentally. Theoretically the infinite multipli­
cation factor has been calculated from the four-factor formula to 
which the simple diffusion theory has been applied. Experimentally 
the thermal utilization has been determined by the foil-activation 
method; two-mil-thick Indium foil has been used. The theoretically 
calculated value of the thermal utilization is (0.774) whereas the 
experimentally determined value is 0.780. The material and the 
geometrical bucklings have been determined experimentally with the 
scintillation counter and from these the infinite multiplication 
factor has been calculated to be (0.911). The simple diffusion 
theory yields (0.96o) as the value of the infinite multiplication 
factor. Finally the effective multiplication factor has been found 
to be (0.814) and the subcritical multiplication is (5.38).
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Plutonium emits alpha-particles which interact with a light element 

such as beryllium to produce neutrons of 5 Mev or higher energy. The sub- 

critical reactor at Montana State College employs this tyjoe of poly- 

energetic Pu-Be source,of neutrons. Such fast neutrons lose, most of their 

kinetic energies as a result of elastic scattering with the nuclei of the 

material, called moderator, in which the source is embedded. After a num­

ber of scattering collisions, the energy of a neutron is reduced to/»'0.025 ev, 

which corresponds to the average kinetic energy of the atoms and molecules , 

of the moderator. This energy is called thermal energy and the neutrons 

possessing it are called thermal neutrons; Neutrons with energies above 

thermal value (0.025 ev) are epithermal neutrons.

Uranium-nuclei (specifically 5 ) have high interaction probability 

(i.e. high fission cross-section) for the thermal neutrons, 'the 5 nucl­

eus absorbs a neutron and the resulting compound nucleus is so unstable 

that it either returns to the ground state by emission of a gamma-ray or 

breaks up into two parts emitting on the average 2.5 + 0.1 neutrons of 

high.energy (approximately 2 Mev). These fast neutrons are then slowed 

down in the moderator to thermal neutrons which then, produce fission of 

some other U-nuclei. Thus the chain reaction continues.

In the Montana State College reactor, natural uranium (0.71 per cent 

jtj235) ancj ordinary distilled water are the respective fuel and moderator.



The gamma-rays produced in interaction of neutron with nuclei induce" 

some photofission and thereby help to maintain the chain reaction. However, 

their contribution to the chain-reacting system is less than one per cent (I).

Two essentially distinct physical phenomena are associated with the 

uranium-fission chain reaction. One covers the individual nuclear 

processes such as fission, neutron capture and neutron, scattering, these 

are quantum-mechanical in character, and their theory is non-classical.

The second one, which is the process of diffusion and'leakage of neutrons, 

is of fundamental importance in a nuclear chain reaction. This process is 

classical. Insofar as the theory of neutron diffusion is concerned, the 

mathematical study of chain reactions is an application of classical, not 

quantum-mechainical technique.

In a heterogeneous thermal reactor, fission in the uranium lump 

produces fast neutrons.. These neutrons then diffuse, in accordance with 

the'laws of diffusion theory until they are finally captured in the 

moderator, or in the uranium, or until they escape from the boundary.

If a reactor has exactly the critical size, each neutron produced by 

fission will, on the average, give rise to exactly one new fission, and 

the neutron density will remain constant. The ratio of the number of 

neutrons in one generation to that in the preceding generation is called 

the reproduction factor or the criticality factor "k" and. for an exactly 

critical assembly, k =  l.



Critical reactors are designed in such a way that Mk,! can be made
■ '

■ slightly larger than one. The reactor can then be made super-critical 

(k>l)9 just critical (k=l), or subcritical (k<l) by mqansrof control rods. 

Since the Montana State College reactor can never become critical, it is 

called a subcritical reactor.

In this paper all calculations for the determination of the reactor 

parameters are based on classical theories. Here "one-group theory" is 

applied, i.e. it is -assumed that all neutrons are generated, diffused, and 

absorbed at a single energy which corresponds to energy in the thermal 

region.

All theoretical calculations are made for the steady state..
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DESCRIFTION OF THE 3UBCRITIGAL ASSEMBLY 

Form and Composition: The assembly contains about 2300 kg of

natural uranium in the form of ring-shaped cylindrical slugs clad with 

Al-Si alloy (density 2.79 gm/cm^) immersed in about 500 gallons of 

distilled water. The fuel elements are distributed heterogeneously 

in the central part of the reactor, i.e., the reactor core. The 

horizontal cross-section of such distribution of the fuel tubes is shown 

in Figure I below.

Figure I Hortzo^tai Cross Sect Coy. tie Assew
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The vertical section of the assembly is shown in Figure 2. This 

assembly contains 264 aluminum tubes each holding 5 uranium slugs. The 

average dimensions of a slug are given below:

Outside diameter of the aluminum-clad slug, = 2.90 cm.

InsJ.de diameter of the aluminum-clad slug, D = 0.98 cm.

Length = 20.56 cm

Figure 2. Vertical Section of the Assembly
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The reactor core is considered to be composed of 264 cells of 

parallelogram cross-section; each cell includes one tube of fuel 

element at the center of the cell and the moderator surrounds the 

fuel element (Figure 3). To simplify the calculation of the different 

parameters, each of these cells has been replaced by a circular cell 

of the same area as that of the parallelogram; this is the so-called 

unit cell (Figure 4)•

^ - E) * I c>va — &

Figure 3. Parallelogram: cell within the reactor, with the 
fuel rod at the center.

r
I

Tf
r2
r
m

= inside radius of the 
fuel portion = 0.635 cm. 

= outside radius of the 
fuel portion = 1.350 cm. 

= inside radius of the 
moderator cylinder 
= 1.715 cm.

= outside radius of the 
moderator cylinder 
= 2.650 cm.

Figure 4.
CSross section of the unit cell.
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THBOBY

Introductions In order to determine the multiplication factor of

the finite reactor, it is necessary to calculate the multiplication1 /
factor of the infinite reactor. If the reactor medium is assumed to 

he infinite, all the neutrons will remain inside the reactor, i.e,, no 

leakage takes place. The infinite multiplication factor is obtained from 

the four-factor formula:

(i)
These four factors are defined in the following pages,

I) Yio-- the average number of fast fission neutrons emitted as a 

result of the capture of one thermal neutron by fuel material, i.e.,, by 

either,TJ2^  or On the average (2,510.1) fast neutrons are produced

by each thermal neutron fission. It should be noted that the thermal
,235neutron induced fission probability of U1 

238
is much greater than that of 

U , and also that the neutrons captured in fuel do net all 

necessarily lead to fission. The preponderance of (99.28^) in

natural uranium causes a marked decrease in the value of from the 

average number (2.5± 0,1) of fast neutrons released per slow neutron 

fissions
r I —  *0

Z4W  ....................  (2)
where ^  is the macroscopic cross-section for slow neutron fission, and 

is the total macroscopic cross-section for absorption of thermal 

neutrons, including both fission and non-fission capture processes, in
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the fuel material. Dbe maeroacopio cross-section, is defined as Zc = NiQi 
where Hji is the number-of nuclei of the i-th kind per cm3 and.Oc is 

the corresponding microscopic cross-section. If and H2^  represent 

the respective numbers of atoms of the two isotopes and p@r 

cm3 of natural uranium, equation (2) may be written as

T 1 =  -x)

%= rO

13F 8-2,5

*115
5 L
WS4- 4 R  OZ

2.35

where 1V is 2.5 neutrons per thermal fission, B  is the isotopic ratio 

of U23® to ^  natural uranium, and are the respective

microscopic fission and noni-fission capture' cross-sections,

2) f —  the thermal utilization. The fast neutrons originating 

from the Pu-Be source are slowed down to thermal energies by the 

moderator nuclei. The thermal neutrons will diffuse for some time,, 

the energy distribution remaining essentially constant., until they are 

ultimately absorbed by fuel, by moderator, or by some other materials 

present in the assembly— aluminum in the present ease. The absorption 

cross-section of aluminum for thermal neutron is very small. Hence the 

main absorbing materials for thermal neutrons, present in the assembly, 

will be the fuel and the moderator, ©f the thermal neutrons, therefore, a
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fractioa ''f" will "be absorbed in fuel material» The value of "f" is 

represented "by:

______ Thermal neutrons absorbed in fuel _____.________
Total thermal neutrons absorbed in fuel and moderator

(k)
If the fuel and the moderator are uniformly distributed throughout a 

system, it is clear that the nuclei of both materials will be exposed 

to the same neutron flux at all energies. If, on the other hand, the 

two materials are physically separated, the neutron density at a. 

given energy will differ in the two media. In the case of thermal flux, 

there is, in fact, a depression in the neutron population throughout the 

fuel region, since most of the neutrons in the fuel region are fast. The 

unit-cell model (Figure 4) is used to calculate the thermal utilization. 

If Vj, and Vffi denote the volumes of the fuel and moderator regions 

respectively in the unit cell, and X) and Cf J denote

the thermal fluxes in the respective regions, the thermal utilizationI
can be defined as

5 s  J l- ^  ' -

"4 V. .

where the average fluxes cjl CJJ can be ,expressed as:

B ~ J $  Cl U y.

(5)
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The equation (4) may be written as

j =  Z L w

OTs f (6)

3) P— the resonance escape probability* During the slowing down process 

from fast neutron energy 2 Mev) to thermal neutron energy ( ~  0.025 ev), 
the neutrons pass through an energy region where the probability of 

non-fission interaction with the absorbers e.g., etc., is exceptionally 

large. This particular energy region is termed the resonance region.

Due to this non-fission resonance absorption, not all the. fast neutrons 

reach thermal energies. The fraction of fast (fission) neutrons which 

escape capture while being slowed down to a particular energy"I is called 

the resonance escape probability, and is represented by p(E) or simply 

by "p". . For a thermal-neutron reactor, E represents thermal energy.

The principal resonance absorber is which is present in the

greatest abundance in natural uranium, and the term "resonance absorption" 

has become almost synonymous with the. resonance absorption by Jjf0s-Jj

of the prominent resonance peaks for the U^38 absorber appear in the 

energy range of 6.7 ev to 66 ev.
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For a heterogeneous system, the resonance escape probability is 

approximately (within an error of one per cent) given by:

K E ) 4>f C(Tm ). A e z
T 7 J 0)

^  Is. ^
,

where Vf and Vm are the volumes of the fuel and moderator respectively 

in the unit-cell of unit length; and (p̂  are the average values

of the resonance flux in the interior of the fuel slug and in the 

moderator respectively# The ratio 4 ^ /  ̂  is called the disadvantage

is the macroscopic scatteringfactor for resonance neutrons,

cross-section of the moderator for resonance neutrons# is the

average logarithmic energy1 decrement per collision with the moderator 

nuclei, i#e# if is the energy of the neutron before and Bg that 

after a collision, ^ ^ i s  given by

C E 1 /ET*)

The integral in equation (T) is called the effective resonance integral, 

i *e # -,

• Effective1 resonance integral = / C ) .. ■ (8)
^  E

the integration being carried over the resonance region#

(PI< ) is defined by:

(  nr* \  —  __
I  -  I ^  W, GZf

• X s

(9)
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The quantity Zjg/  ^the total macroscopic scattering cross-section 

divided "by the number of atoms of uranium per cm3, may he regarded as 

the scattering cross-section associated with each atom of the absorber„ 

The calculation of the resonance escape probability in any particular 

ease requires a knowledge of the resonance disadvantage factor iPf 
which is determined from the physical properties and the geometry of the 

heterogeneous unit Celle- For this purpose a quantity f ,, called the 

resonance utilization, because of its analogy to the familiar thermal 

utilization (Equation 6) is introduced* It is defined as the ratio of 

the neutrons absorbed by the fuel in the resonance region to the total 

number of resonance neutrons produced* As a result, equation (7) 

can be transformed into:

KE)* ^  "f'

=  2-xV —  tsU  Le
—  I* Ĉ vs ZS1Yvn £-1 Ovf (IG)

where, the evaluation of f is based on the relationship given by equation

(6) as

r.

where all the quantities Involved have the values corresponding to 

the resonance neutrons*

(QJL)



-17-

The value of the effective resonance integral (Ref. 6) is given hy

^ 7  . =  ■— S n  £  s-w, £  CKj (12)

Substitution of equation (12) in Equation (10) yields:

I=CeJ ^  f -  Ji__) (i3)

4) ^  —  the fast fission effect factor. So far., it has "been

considered that the fast (fission) neutrons are produced only from the 

fissions "by thermal neutrons. Actually other fission neutrons are 

produced "by fast neutrons„ Before the fast neutrons have slowed down 

appreciably, some will be captured by and nuclei, and will cause

fission. At. neutron energies greater than about one Mev, fast-neutron 

fission in natural uranium will come from the nuclei. Allowance for 

this effect may be made by introducing the fast-fission factor, denoted by 

£  and defined as the ratio of the total number of fast neutrons produced 

by fission due to neutrons of all energies (fast and thermal) to the number 

resulting from thermal-neutron fission.

Calculations of the above four factors are shown in the following 

pages.

Qnce Î x7 is determined from the four-factor formula, the
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mxiltiplication constant for the finite medium •which is customarily called 

the effective multiplication constant, k g c a n  he calculated from the 
relationship -

k
. ( l M

1 2where B g. is termed m  the geometric buckling given by the equation 

Bg ■ (2.405/R0)2 +  (Ir / ^ 24. r q and H 0are the

respective extrapolated radius and height of the reactor and 2.405 is the 

first zero of Bessel Function J0J is the migration area for the natural

uranium, water moderated reactor;.

The sub critical multiplication is given in terms of kg^  by

I (15).

v
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GALGtiIATIQM of - The average number of fast neutrons produced by the 

capture of a thermal neutron in the fuel is calculated from the equation (3)
i«e»f

n —  *0 -s:
n s

2.35"
o r  -* R  Ct 23 g

where •R =
99.I g
0.71

=■ 13 9. 9-

and =  fission cross section of —  582* barns

(Srr13r-= non-fission cross section of ti^^= 106* barns 

OJ 138=  non-fission cross section of 2.8* barns

"0 ■= average number of neutrons given out by a

fissionable uranium nucleus

—  2.5

Substituting the above values in equation (3),

^  =  I. 3 5

* These values of the cross sections are taken from the Nuclear Engineering 
. Handbook, Etherington (McGraw-Hill Book Go., Inc., 1958).
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SAljSUMTXOIf OJ1 THE THERMAL UTILIZATION, -'f '

Theory: In the case of the heterogeneous reactor, the following three

assumptions have "been made for the determination of "f”t 

The slowing down density is constant in the 

moderator and zero in the uranium* -In other 

words, it is assumed that thermal neutrons 

are produced uniformly throughout the moderator 

"but not at. all in the uranium. •

The lattice is divided up into 264 identical unit 

cells, each cell having the fuel rod at the center.

It is supposed that a parallelogram cross-section 

can "be replaced "by a circular cross section of the 

same area.

The simple diffusion theory is applicable within both 

the moderator and the fuel regions.

With the above assumptions, the thermal utilization "f" is 

According to the first assumption, the neutrons may be treated 

as monoenergetic and therefore one-group theory can be applied. The thermal 

.diffusion equations are as follows:

In the fuel, (ĵ  L't). —  ^  Lr j ~  d  ......(l6)

In the moderator, D w V - I4vw 4 vCy) jTcJ - 0 ».....(17)

where "q" is the source term, equivalent to the number of neutrons

(I)

(3)

calculated.
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becoming thermal in the moderator per cm^, and and denote

the thermal neutron fluxes in the moderator and fuel respectively* The 

D ’s are the diffusion coefficients and the Z l 0 u the macroscopic 

absorption cross-sections for the thermal neutrons in the respective media. 

The boundary condition's are:

(i) ^ (rj is finite at the center of the cell, i.e, at r=0,

(ii) ■ = o  at r = r
d.r ■ . '

where r is the outside radius of the moderator in the unit 
m

cell (Figure 4),

(iii) ^iTrri ̂  TT Tz fi ̂ crt) = 2 )
)
)

(iv) y c r0 =  ^-/2J & "ia C ^ j )

taking the 

cylindrical cell 

of unit length.

■where, yQ is the fraction of neutrons, leaving the moderator at 

the surface r = rg heading inward, which miss the .fuel lump, 

r^ and r^ are respectively the outside radius of the fuel rod 

and the inside radius of the moderator ring of the unit cell, 

and

and j_ are the partial neutron currents, the plus sign 

denoting the neutron current flowing out from the center of the 

cell and the minus sign denoting the neutron current flowing 

towards the center of the cell.
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is the transmission coefficient of the cladding 

material:.and the tube material (both aluminum) and is 

defined as the fraction of the neutrons incident upon 

the surface of a lump of the material which pass through 

the lump without being absorbed. For aluminum, ol has 

been experimentally found to be unity. ' (Appendix I).

Equation (l6) can be written as

CYj k (yJ  —  o o » * * e o • o ».0)»(16-a)

where
'f

In cylindrical co-ordinates,

^ r  #r -+ yi SlTi
In the present case, the flux distribution is axially 

symmetric (i.e. dependent only on the radial distance r), hence the 

diffusion equation (l6a) can be written in cylindrical co-ordinates as;

+  -  kj1 4>f Cr) = O  (16-b)
The general solution of the differential equation (l6b) is:

(pet) =  ^ i o C k 1T) t  ft'K o CKf T) (18)
where Iq and K 0 are the Bessel's functions of zero order and second Mndj 

A and A' are constants. ' • .
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With the boundary condition (i),

at T - O 5 (p̂  (_yy co

hence A' —  0

Therefore, ^ (r) —  A l 0 (k ^t )
Likewise, equation (17) becomes

V > w Ct ) t 4 ^ - °

where, K H  #

■ and the general solution is

^wx(T) = ByZ1(K̂ T) -+ BvK c C«~r)+J_-
<0*\̂

where B / and are constants,

With the boundary condition (ii),

O  =  Rws B yJ 1 YU) -  kw. B zzK 1 Ck vaT^J

O tH , B zz=  B y Jl

Therefore, (Tj —  3 (K1ixTj K , ( k ^ )  T I, OOU) K 0 GwrjU i-
* U Z- 0.>

Ck^ )]= K I 1CKTj ^  [KTjj =  -KK^(KY)

(10a)

(17a)

(19)

(19a)
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where, (19)'

or ' 4L Cr) - B  G CrJ -t

vhere, GrM = X0 (k̂ yJ K1 C^ŷ ) +Ii (k^j ̂
Mov, the houtidary conditions (iii) and (iv) can he written in

(l@h)

(19)M  

slightly

different forms as follovs:

Tf yJ(JO t T1/3 > % , )  =  T2 

*** ^  L  ^  -  D  -/3] T\ jc. (ft) .

(iii)

(iv)

The partial currents are given in terms of the diffusion coefficient Bi • ■
(Refo 11) hy the following equations (for an arbitrary space point T  

in an infinite medium)s

ĵCr) -  -  £ I Vf CyJI o,»a
j,_ cr) = L $ Cr) ^ ̂  |

(20a)

(20b)

where • 9-' is the co-latitude of the gradient of the flux, ^ { y J ,
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If J= <p(rj where r is the single co-ordinate of. the system, the

relations 20a and. 20b become . ^  Cr") =■■ tp (r) — S  oicpCrJ (20c)

>_ Cf) - ^ "t ̂  ^ ^and. """ ' 4A 1 ' I. (20d.),

in which case the gradient of neutron flux is in the direction of re 

Therefore,

and <r± -  — T1---- h -T— jvr- ,

(21a)

(21b)
1 2. I T "

Substituting the above values of the partial currents given by the relations

(21a) and(21b), the boundary condition (ill) becomes

Tt ^  - 4 3  W ) .

^ . 2" dvYe (iii)

and the boundary condition (iv) becomes

r,
oLT I

T=Y4

== ' (l -/3j TL T  (J

(iv)

T Vvs ^  A FlY -Ir,



Adding the two relations for the houndary conditions (ill) and (iv), 

and multiplying through by 2,

= (i-£) -2/2 n AjL(X) j
Subtracting (iii) from (iv)

(iii)

1Y-V2.

T, », = '
d  <h~'Cr)

Y= r, Y = Y& (iv)'

Substituting the values of (Y) and from the equations (10a) and

(Igb) respectively in (iv) ,

Where, Q l(r ) denotes the 'derivative of G(r) with respect to r

at the point r =  rg»

Equation (22) may be written in a slightly different form as 

B = M

(22)

where M = **
Gr'CYl)

Substituting the values of (p̂  and (pv̂  in (iii)7
T4 AI0CKfY4) ■ = B L(I-̂ YtOCr2) - Iflri Swx Grz(Yg)J -f (3-/9)YL-I

where, - - F) hf y O ' / V ^

P s Cl-Z2J T1 G-(Yt) -  I^Y1 Dwx Crz(Y2)

(22a)

( g ) 7

(23)

' (23)'
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Btuation (23) may be written, after transposition, as
-K-p} -  0-/q) Y1 ±

or, ^  n  <9__________ (24)
& W ,  I. C % )  -MT)

Thus the values of A  and B ean now be calculated. The computations are ^hown 

on the succeeding pages. Once these constants are calculated, the fluxes ^  

and. '(̂w (V) can be determined easily from the equations (l8a) and (lpb). Then 

in the infinite medium, the thermal utilization "f" is calculated from

equation (6), i.e.,

■ ______ = ' ' '  '

where the average thermal fluxes . tp>̂ and in the fuel and the

• moderator respectively are given by

(6)

< v = IptM (25a)

V4 -

and TT-
<b =T 1Ws

J -  f
(25b)

Vw-

V and V ate the respective volumes of the fuel f m
and the moderator within

the cylindrical unit cell of unit length.

/
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' Jtumbrical c a l c u l a t i o n q f t h e t h e r m a l u t i l i z a t i o n "f'

k = ©.37 cm"1* m kf as ©.632 cm 1#
.B = 0.l6 cm =3 0*785 cm**

V  -I *) am = 0.Q22 cm1 \ T a f  « 0.3135 cm'1 **
. L lj

rm = 2.65© cm ©.635 cm rf = I.35© cm rg = :

kfrf ? 0.853 kmrg = 0.6345 k r .at 0.980 m m

-Ia V f ) -  - I0-C V 2) " ' - -K3 I o ( V m )  " 1-255

X tC V f  l ? ® - « T 1JtkSrR 1-^ °-5 X  - I l ( V m )  = 8-551

E0CkfTf.) 3 0.522 Ke ( V m )  = G - W

V V fI = 0.780 K1CkxT2 ) , 1.207 Kt( V m )  “

kfr1 = p.4oi

All the above values have been taken from the! !fable of Bessel ,Functions by 

Sray, Mathews, and Macroberts, and compared with the values in the Tables of 

the Ref. IT* 1
The, quantities, £ £,(.r), G 1Crg ), P, M, A, afd B are, computed in the follow-

I
ing pages.

* These data are obtained from page 165 or Reference 11.
These data are obtained from pages 6-96 and' 6-97 of Reference 4,.
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The missing-prohahllity P has been computed by Mewmarch (ll) from the

relationship

where

and

(1-r) +,T™ f(r)111CO. I .

rfr. .=
r2

f(r) c I) -

-7 ,O5*..

.2 If-
%  ?

...JE

' F

- rrfS' ’  °'787

Jf M  -V f- • (prime denoting the 
-derivative'with respect 
to r)

-f'
E - V S f AIx ( % )

AI0 rf ̂

= 0.389,'

Therefore,
R, (1-0.787) + (0,389) (0.114)
P “ I +-(0.389) (0 . IlU ) + (0 .787) (0.389)

= Q.1904

From equation (19)"#

G(rg) e I. Ckmr2i K1 ( S m V  + Il k̂mrm ) %

'■ ■ '
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G/cnj = \  Ii1C v 2,)k ,CkwsTwx) -  J1 CuwsYvw) K 1 CkvwV1Jj

-  - 0 . 1 6  9 
From equation (23)J »

T5 =  C I V 2.  G -C v j)  — D vvx &  Cy 1)

=  I. 537

and from (22) 1 9

M  = T i h  k4 I, CkfY^
-d^  G y Crv̂

—  6 * S Z

From equation (24)»

A  =  -O-WT.. »
I -  Qft Ic Cnt-T4̂  - A tQ

And from equation (22a)>

B = A M

=  - 35.5-6 Cj

The f luxes in the fuel and (̂ wxCr)in the moderator are then given by 

equations (l8a) and (19b) ( in neutrons - cm~^ - sec"-*-) ass

(26a)
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(26b)and . . . . ^ ( T )  —  4  5-4 S' ̂  - 3.5-.S-6 G - C f )  Cj

The average o h  is :

—  /• - T +
^  - ,77- = JLlOLrQ J ^TirI0CK4YWT.J ' TrCvŝYl1Jv J

;. - -• - "yl •
/■ ,

where r qriti r are respectively the outride and inside radii of the 
f I

fuel cylinder in the unit cell (Figure 4)»

Therefore*

T _ 2. CtT « Prs-IjZKsYc.)-Ti JlCk̂yi)
■4 C V - Y / )  7 L  Kj neu'trensrcm^sec™1 (27a)

Ys-
Since. j T I, Ck4Y)(Lr - Jr1 1 C^.T)I

A 7 ' . 4,
Finally* after substituting the numerical values of the quantities 

involved in (27a)*

iP c s ~  5 ' 8 $  Cj nfeutron s~cin“^se c 1 (27b)

Tv*.
'Simiarly* $  - 4.^4^ 9 + — ^--, | G-Cr) I W r d r

I TrCYZ-Y1J

—  45T.45 ̂  - j- ^ JrtrC^tkv (28b)

where r and r are respectively the outside and inside radii of the m 2 -
moderator cylinder in the unit cell, (Figure 4),
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Now s

tv Tva
—  K 1 C^wtv)

Tl - Tv
^)/Y X 0(KvwY) SlY1
Tl (28)

The first part of the right-hand-side of the above equation (28)* equals

K 1 ( X yna) I , (Kv^Ygvj

and the second part of the same, t-e.j
-  1.503 
rt of the

I, (K^)Jrk6(K„v>v- = IlCx̂)[:
Vv K va J

■= o.($ 17
vs -iYjl

Therefore, after substituting the above values in equation. (28)*;

J tYG-Cr) dY =  2,|^o
^  __

Thus, (^(T) - l + ' S . k - S Q  -  (2. H o )
1 ^

09Xj neutrons-cm""^-sec  ̂ (28c)

The values of (j^Cr) and X^Y^as given by equations (26a) and 2$b) qt diff­

erent distances, r$ from the center of a unit cell are tabulated belows
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t a b l e I - THERMAL‘NEUTRON FLUX IN THE FUEL REGION WITHIN A UNIT CELL

(cm). V V y ) * . ; t ' ■ + # «  2 , (q neutrons per cm* per sec)

0 .90 0.569 1.080 5.687

0.95 0.600 1.092 5.750

1.00 0.632 1.102 5.803

1.05 / 0.664 1.113 ^ s 86l

1.10 0.695 1.124 5.919

1.15 0.727 1.136 5.982

1.20 0.758 1.148 6.045

TABLE II 
CELL.

- THERMAL NEUTRON FLUX IN THE MODERATOR REGION WITHIN A UNIT

r ' k r m . J o (k”r)* K (k r)** O m G(r) <^m(r) (q nqutrons 
per cm2 per sec)..

1.75
1.80
2 .00
2 .20
2.30
2.40
2.50

0.647'
0.666
0.740
0.814
0.851
0,888
0.925

1.107
1.114
1.42
1.172
1.189
1.207
1.225

0.719 
0.697 
0.620 
0.553 
0.523 
#.494 

, 6.469

1.086 6,832
1.078 7.116
1.053 8.005
1.035 8.645
1.029 8.859
1.024 9.937
1.021 9.143

,V

The above values of the Bessel Functions are taken from the Table 

of Bessel Functions* * (Reference 7)

** (Reference 17)



Using the values given in Tables I and II, the thermal neutron 

flux distribution at the vertical medial plane of the unit cell is shown 

in Figure which depicts the depression of thermal neutrons within the 

fuel region.

-34-

eRCkd-Vo-? d-ishx"c<t, f

Figure 5 - Thermal neutron flux distribution in a vertical 
plane through the origin of a unit cell.

The flux across the vertical section of the heterogeneous reactor

below in Figure 6

Figure 6 - Flux across the vertical section of the heterogeneous assembly
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Using the average values of ^ ( r )  and as given in

equations (27b) and 28b), the thermal utilization is calculated

from the equation (6), i0e.

-
J t- r ^  

4 .*« -
0.2135

0'3i35 + •> oil. Tj-- r>
V  - T,1 y, $s

cL
I

(29)



CALCULATION OF THE BESQHMCE ESCAPE PROBABILITY - "p" ;
The value of the resonance escape- probability can be calculated from 

equation (13), p(E) =  exp (-fr/l-fr ) (13)
where fr is given by equation (ll) as -

fti) = __________ (kf___________
Z  '-+ 7 —  - A -^ f-Av. V; a

(11)

The disadvantage factor 0 f  C-R=-UJ) is now to be determined in a

manner similar to that of the determination of the thermal utilization* The 

resonance neutron group constants are entirely different from those for 

thermal neutrons, (For the thermal neutrons, Ism =0.37 cm"""*", Djq= 0,16 cm, 

k|. z= 0.632 cm-**', and =  0.785 cm, while for the resonance neutrons.
Ism* z= O.885 cm Dm -  O.585* cm, z= 0.44* cm \  and Df =■ O ^ ^ e m . )

Since very little slowing, down occurs in the fuel, a uniform source of

resonance neutrons, q^ (cm ^sec ^), in the moderator may be assumed. Thus,

the diffusion equations for the resonance neutrons are:
^  - k /

and r-~\ •.. i
=  O (30a)

OIlt (3©bj

where q is the source' term corresponding to the resonance neutrons.

* Page 669, reference (18)
** Page 666 reference (18).
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The boundary conditions are.the same as in the case of thermal 

neutron diffusion for the calculation of the thermal utilisation.

Solving the differential equations (30a) and (30b)$ in the 

same way as is done for the calculation Qf Hftt, the following sol­

ution can be obtained;
4% (Y) =  AJ0CKtV  ■

. (31a)

and , =  B&Cxy (31b)

A9 B 9 and G(r) satisfy the same relationships as those in the case of

the thermal utilization^ the only difference being the numerical values

due to the changed values of the group constants k9 T  9 and D and the" a
source term q

NUMERICAL CALCULATION OF tiDw
For natural Uranium9 k = 0.885 cnT*1m kf = 0.44 6m" 1

D = 0.585 cm
.• m .

Df = 0.65 cm

I T  ■= -.46* cm  ̂/4» am T  = 0.1258* cm' 
•^af

k r = 0.594, k r = 1.518 .. .
f f ' m 2 : :: V m  = .

V kfrf) = le090 W 2* “ 1,666
I (k r ) = 2.920 
0 m, m

I (kfr,) = 0.310 I (k r_) = 1.000 I1( V m) = 2 .180

K0Otfr,) = 0.785 K0(KmI2)r= 0,208 Kn.(k rm) = 0.075u. m m
K (k,rf) = 1.321 K1(k T 0 ) = 0.270i I- T T- I m -4 K (k r ) = 0.090 

I m m
. k r = 0.279 I (k,i

f I I f
•,). - 0.141

These values are calculated from = 4 . /
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To find A and B s first..G(r ) s ^s P s and M are calculated as is done2 ' v
with the thermal utilization.

(l) G- Cr1.) = JaCK̂Y2.) JCI -hI, K0Ckw-Yl)

—  <D. 6 O 34

(ii) fr'CTi.) = kv̂  [l, K  ,(kv.Yv.) - I, *K , (KvvY1
— -0.44 i 3

(Hi) /s =  _ _ a - ^  + <
Tp

where r = 0,787 and f(r) = 0,114« (Page 29) 3

f  = ^ Y f )

.

T^r -
-̂0

-  O . l d 3

where .^(y) =  A I 0(^r) 

and ^ zCYj = A k 5 I l^ r )

/

Therefore*

—  O . 5. 0 I 5
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(iv) P = O-Z3Jt lG-Cy1.) - 2ft XlD w G-zCyl)

—  I «00 5-

(v) M =  ^  ̂
*v3>v*

% 1 Ch ^
G > CtlJ

—  - 0 . a.7 04

Therefore,

A =  ________  -
%-Mf] 7l

=  I-7 ^ 9i

and B -= A H

—  — 0.4-616 '

(32a)

(32b)

Finally, from (31a) and (31b)$ the resonance neutron fluxes (neutrons

f y C t )  =  I n o y  Cj I o t k ^ y )  (33a)

4U(-y) "  ~  ° - 4 < 5 G-Ct)^ +S-Iyai=)^

“2 "Incm - sec ) are8'

and

Therefore,

¥ y X1

-2 -1—  I » 7 '9 S’ ^  neutrons-cm .^-sec

(33b)

(34a)
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and =  a*

=  4 .1730, a  -  0. 913.L . .
1| TTei L0^ u V

01 ’ =  l-?i5$y

Therefore from equation (Il)s

-2 -Ineutrons-cm -sec

216.4
^  -3*

<k
—  0 > 0 gog

and from equation (12)s

)p —

O N  C.*\6

(34b)

(35)
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CALCULATIPM OF THE FAST FISSION EFFECT FACTOR. g and,

Theory: Fission neutrons may jundergo various reactions with U*"'". such

as non-fission capture, fission, and elastic scattering® Considering 

all .the(s£, an expression for ^ is given in terms of P which is the 

probability that a fission neutron, formed inside the fuel element, 

will make a single collision with a uranium nucleus before escaping 

into the moderator (Refi), as follows:

) -  + p 
where subscripts c, f$ and. e refer to the non-fission- capture, fission.

(17)

and Elastic scattering respectively, and C  is the total cross section 

including that for inelastic scattering® For natural uranium,

(Tc = 0,04 barns

= 0.29 H

Ol = 1.50 Il

-.2.47 Il

O - = 4.30 «

Substituting the above values in equation (17)

From the talbe (Ref. 2), P is. 0.28$ therefore.

6 =  i t  -  i.oo2

Therefore, for the infinite reactor,

Koc = 6 ,3£j Ct5* = 0.96 0

0-5X1?)

(36)

(37)



EXSEBIMEamL DEIEERMIHATIG^ GF THE THERMAL UTILIZATION "f" ■

Ia the heterogeneous assembly, the thermal utilization is defined hy ' 

equation (6),

-42- ,

f  - ■ 0-4
L̂r-Vv-, Ojr . ^^ "V -̂R-Vv,

The average thermal neutron fluxes ^  and ^  have been determined by the 

foil activation method, Thih indium foils have been used both in the fuel

and in the moderator. The foils have been activated for about 40 hours .and
• \

by that time the activity attains almost its saturation point. A neutron 

reacts with the indium isotope In-115 to produce the radioactive In-IlS6 The 

/3 — activity, of these In-116 nuclei has been measured with the Qeiger counter. 

The foils are activated not only by the thermal neutrons but also by the 

epithermal and the fast neutrons. In the determination of the thermal 

utilization it is essential to know the ratio of the density of neutrons 

with energies above thermal to that of the thermal neutrons. In this 

connection, a new quantity called the "cadmium ratio" is defined as:
Cadmium ratio R —  Saturated activity of the bare foil

* od Saturated activity of the cadmium-covered foil.

C . ■
Metallic cadmium-absorbs thermal neutrons of energies up to 0.4 ev. The? 

epithermal and fast neutrons pass through the cadmium cover and react with 

the foil inside the cover.



^he valuea of cadmium ratios measured at several locations in the reactor

are given in appendix III* The average of these is the B used helow,cd
If and A ^  denote respectively the saturated activity of the 

thermal neutrons and that of the neutrons of energies higher than thermal, 

then the cadmium., ratio may he written as

(Ath +  Aep) / Aep -  RGd

or, Ath/Aep -= Red -I (38)

Therefore, from equation (36)

At h A Ath Aep) =  Rod
Rod

(Red -l)/Red is the ratio of the.thermal neutron saturated activity to 

the total neutron saturated activity* This factor is inserted in the 3rd 

and 5th columns of Tahle „111 as the correction factor for the thermal

•43-

neutrons.



1EABEB III - Ayferage Thermal Heutron Flmce's "by the Foil Activities Method

Foil Ho.: C ovNt 'Reife,
In the moderator * - In the fuel .
set - (-Back-. Oorrected Het ( — Back- Corrected (%},
ground;). <y*,725i). • ground) (x 0.6337). 2

I 28.6 207 . 24l '155 1.553
'2'- 285 " 265 252 147 1.594
3 174 126 i4l 89 ■ 1.415
4. 190 158 150 .95 1.452
5 £02, 146 171 16,8 . 1.352:
6 270 196 250 i4.6 1.542'

. Total -■ 8.503

The' average ratio;> ys* ”i-584
The thermal utilization: can now he calculated from equation (6), .after

sr>-substitution of the values qf the ) 1 ,B' and the V iS from page 28, as .
■' Z-i a

f •3155

.5155. + .Q22 rB8)
= (r/  - ":2 )

1. 3 #

or. f 0.780

* All the foils: have been activated for equal intervals' of time and the 
beta-counts have been taken after the elapse of the same time after 
removal of the sample from the reactor.
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Bx e e h i m e m t a l d e t e r m h a t i o m  of t i e e x t r a p o l a t e d b o u n d a r i e s a n d  t he
■ " b u c k l i n g

To determine the extrapolated radius of the suberitical assembly, the
*scintillation counter was used* The vertical" position of the, 

scintillator inside the reactor was kept fixed (the source being at the 

bottom of the reactor)e The radial distances of the scintillator were 

changed and the corresponding count rates were taken (the scintillator 

was always, situated very close to, the fuel rod but on the side away from 

the source, to maintain identical locations in the different unit cells)® 

These count rates are plotted against the radial distances of the counter 

from the center of the Pu-Be source® ■ Two sets of readings were taken 

-for two different vertical positions of the scintillation counter* - It was 

found that the extrapolated lines of both the plots (Graph I) meet the 

abscissa at the same point. This point is considered to lie. on the 

extrapolated radial boundary of the reactor, and consequently the distance 

of this point on the abscissa corresponds to the extrapolated radius of the 

reactor. It will be noticed that the radial flux plots (Graph I) fit very 

nearly the Bessel function JQ(r), and there,is a particular value of r 

where the plots meet the abscissa i.e., where Jq (r) =  0* "This is a 

consequence of the boundary condition that the flux vanishes at the 

extrapolated boundary* The particular value of r for which J0(r) — 0 is 

the extrapolated radius" R * The data and the plots are given on theo
following pages.
*In a,different experiment> it was found that the scintillation counter is 
.least efficient for fast'neutrons. Hence the readings directly obtained 
from the counter correspond to the thermal neutrons.



Trial # 1 :
■ -46-

Vertical distance of the scintillation counter from .the center of
the source =  4l.$ cm.

.Eadial distance of the 
scintillator

Counts per minute

7.1 cm 918
8.2 » 871
12.2 84l

17.5 " 689 .

18.1 ). 674
22.3 " 571
23.9 ” 558
28.2 n 44©

32.5 « 360
Trial # 2;

Vertical distance =• 46,5 cm

Radial distance Counts per minute

15.4 cm 595
20.4 » 532

25.5 ,> 435

30.5 „ . 3#  ' "

35-5 » . 252
40.4 ’> 192

From the graph on the next page, Rq -  49.3 cm.
The dotted lines on the graph ..correspond to the J ’s.o .
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The material "buckling Bm^ is given "by. the relationship

Bm2 ^ -  C r O>> 2-
"where Rq is the extrapolated radius, and is the slope of the plot of

(40)

In A  against the vertical distance of the scintillator from the center of

the Pu-Be source, A  "being the relative activity ( i*e., the observed count

rate). The data for the determination of IT" are given below:

The radial distance of the scintillator from the center of the source
■= 16.4 cm.

Vertical distance of the scintillator 

16 inches

2 1 =

23 
27

29

n

»

Counts per minute

2690 
2315 
1580 .

1140 '■ .

813
335 
252

The relative actiyities are plotted against the vertical distances as1 shown
-

in Graph # 2 and from the plot, —  0.071 om" .

Therefore, B 2 =  (2.405/49.3)2 -(0.071)2
=  - 2.6615 x IO"3 cm-2 (41)

* 2.405 is the first zero of Bessel Function J
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GRAPH Z

'DETERMINATION op
C o u n t -r a t e V E R T I C A L  D I S  A N C E

^ ^ t i c a l  d i s t a n c e  of  t h e  Sc i n t i l l a t c r  (jL-v>cCes^
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The geometrical buckling can be obtained (Ref. 3) from the relationship

Bg2 ^  (2.405/Ro)2 + ( ^/H0)2, (42)

where Hq is. the extrapolated height of the reactor.

The extrapolated height is calculated from the relationship (Ref. 11)

H0 = H  + 0.7104 ?Ur, (43)
where, H is the geometrical or actual height of the reactor and Plfo 
is the transport mean free path of a thermal neutron in water.

The height of a number of fuel rods was measured, the average value being 

102.8'em. The value of is 0.48 cm .

Substituting these values in. the equation (43),

H0 - 103.14 cm.• -

Then, from equation (42),

B g2 -  3.307 x IO"3'' cm"2. ■ (44)

* Page 6-86> Ref. 4.,



EVALUATION; OF Î e, k , and

The infinite multiplication factor, is obtained from ,

k _ = exp (B ,2M?), m2where M is the migration area, given by the relationship 

M2 = L2 +7=,
2

q* is the Fermi age, and L is the diffusion area of the , 

heterogeneous reactor.

The diffusion area of the heterogeneous reactor is as followss 

(Ref. 14)

L2 = L 2 (l-f) + fL 2 m • ' • ” T
Therefore,

L2 = (2.85*)2 x'0-l̂VSoJ + CI--S-SJ

or,L2 = 3 .66 cm2 

With T =  30.4* cm2,
2 o

M ■ = 34 »06; cnr 

Hence,

k exp (-2 .66 x IO"3) x(34*06)

= 0.911 ■

Fcom equations (l4),(44) and (48), 

keff= ° . 8H  .

Thferefore, p, can be obtained from (15) as 

/(x = I . = 5.38

' -51-. ..

(45)

(46)

(47)

(48)

(48)

(49)

* Pages 6-86 and-6-88, Ref. 4

(50)



DISCUSSXOHS
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(I) In t lie present worjs, I used the simple - first-order diffusion 

theory® In a heterogeneous.., reactor, better results would be obtained* if 

the transport theory were used. The Boltzmaa' transport equation is more 

fundamental in expressing the principle of conservation of neutronse In 

this treatment, the dependent variable is the angular distribution of 

neutron velocity vector, n( T3 VrllJi ) which is defined as the number of
—I Aneutrons at T per unit volume that are traveling with speed -v per 

velocity interval in the direction S d .. per unit solid angle* ■ The quantity 

n^c ) v  . is called the. vector flux and is merely the number of
—rA

neutrons traveling in the direction -̂ 2- which cross a unit area normal 

to this direction per unit time® . In the diffusion theory the dependent 

variable has been reduced to the" scalar neutron flux with the assumption 

that the angular distribution of the neutron velocity vector is isotropic, 

and independent of energy-* .

. If it is assumed that neutrons deflected in scattering collisions 

with nuclei may proceed in any direction with equal, -probability

(spherically symmetric or isotropic scattering) and that all neutrons have
- • ' ' 'a single constant velocity, the transport theory reduces to diffusion

theory* If it is further assumed that the neutron density does not change 

rapidly with distance over a few scattering mean, free .paths, usually a. 

few cm, then diffusion' theory reduces to elementary or first-order diffusion
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theory.

The latter assumptions, limit the elementary theory to systems in which

the ratio of CJ^ to CT̂  is relatively small,, i.e., to weakly.absorbing

media. The assumption of isotropic scattering leads to correct estimates of

the flux at distances ■ of a few mean free paths from source's and from

"boundaries between.materials having significantly different absorbing and 
.

scattering properties.; Estimates of flux close to such sources or boundaries 

may be greatly in error if made on the basis of diffusion theory.

(2) Assumption ( l )  on page 20 is accurate if the cell size, i.e*, its 

separation between lumps, is not large compared to the slowing down .distance 

of fission neutrons.. In the present ease, the slowing down distance Is 1 

about 5*5 Gm and- the cell diameter is 5*3 cm. Hence assumption (I) is not 

quite correct.

Assumption ( 2) , in which ra parallelogram is replaced by a circle of 

the same area has been introduced to simplify the mathematics, since a 

problem with -axial symmetry is easier to handle than one with angular 

dependence-. In this approximation only zeroth order cylindrical harmonics 

are involved. This implies an error in estimating the neutron flux. 

Assumption (3) is accurate if; I) the fuel dimensions are not large compared, 

to a mean free path; 2) if the system does not absorb neutrons very heavily; 

and 3) if the system contains no sources. . Eone of these assumptions is 

strictly correct in our uranium-lattice. Errors due to the use of 

elementary diffusion theory in our system are obviously present.
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(3) The.one-group method assumes that all neutrons are thermal. Ho 

allowance is made for the fact .that fast neutrons escaping from the reactor 

core have a longer average life in the reflector (water-medium surrounding 

the actual reactor core) than do thermal neutrons. These fast neutrons, 

therefore, have a higher probability of being scattered back into the core. 

Furthermore, neutrons, entering the reflector with energies .above the 

resonance level are moderated in the reflector; then they return to the 

core as thermal neutrons, having completely avoided the resonance capture 

to which they would have been subjected if they had reached thermal energies 

in the core. Both these factors tend to increase the number of neutrons 

available at the end of any particular neutron generation which would 

consequently increase the value of the effective multiplication constant, ke^ .

(4) In the calculation of 'f1, the denominator of the right hand side

of equation (6) should contain an extra term, x̂ C , which

corresponds to the'absorption of thermal neutrons in the constituent 

materials of the unit cell (other than the fuel and water), such as 

aluminum. The; contribution of this term to the denominator is negligible 

because the macroscopic absorption cross section of aluminum Z i6lc

very small.

(5) For the determination of the average thermal neutron flux, 
in the fuel, the indium foil was placed between two fuel rods, as 

shown in the figure "oh.the next page.
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Figure 7

Location of th"e foil between the fuel rods

It is evident from the figure that the foil was not Actually

exposed to the thermal neutron f l u x , (r) but compositely to the

thermal neutron flux, £ ( r ) . This fact will decrease the experi-'m
mental value of the disadvantage factor, <p /  <fi^ and consequently 

increase the value of f.

(6) The experimental value of f is 0.78 whereas the theoretical 

value of the same is 0.77. The agreement between these values shows 

that one-group theory is adequate for the determination of the thermal 

utilization.

(7) The count rate from the activated indium foils was not large 

enough. Thus statistical fluctuation might cause considerable error 

in the relative activities of the foils. Larger count rates could be



obtained by using dysprosium foil which has very high thermal neutron 

absorption cross section (for By, ,2.7 0-0 barns, and for

In, 15-0 barns). However, experimental difficulties

prevented the use of dysprosium.

(B) The one-group treatment is an, approximate one, but it is simple 

and leads to conclusions'which are qualitatively correct.

(9) The experimental values of the thermal utilization^material 

and geometrical bucklings and cadmium ratio which have been obtained here 

can be used in further research work.
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Appendix I -

The determination of the transmission coefficient of aluminum for thermal 

neutrons•
Bare indium foils and aluminum-covered indium foils were activated within

the reactor for about hours. In both the cases, a single foil was used

and in the same location within the reactor, Gamma-rays with a few high

energy beta-rays were counted in a well counter. The data are recorded below:

. Background count-rate, at the start 8 c&/m..:;
at the end 10 c/m

Average 9 e/m.

Observation Time after the 
removal from the 
reactor, t

Ket count rate 
(background) ,A

.Saturated 
relative 
activity,, .A-. = CiaxbfotsI

Transmission
coefficient,

°{ .

• Bare 12 min 342 c/m 392 c/m
#1

33© e/m 404 e/m
1.015

Covered l6 min
Bare 20 min 383 e/m 494 c/m
#2
Covered 2k min 38I c/m 517 c/m

1.041

The decay constant ^  of X̂ n-Il̂  =  " ________
4 Ivv-Hg

—  'n
5A —  1 * o

But, cannot exceed unity, hence it is taken to he equal to unity.

The higher values of can be attributed to the statistics of the counter j

the count rate was not high enough to minimize this statistic.
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Appendix Il 

SIMBOia USED
buckling, cm ^

D =r diffusion coefficient, cm 

f =  thermal utilization 

fr 5=. resonance utilization •
K - infinite multiplication factor

keffs-effective multiplication factor for finite reactor 

L = diffusion length, cm
p pM s= migration area, cm

P =  resonance escape probability

q. =  slowing-down density, neutrons/(cm^) (se e)

r =  position vector

Vf =  volume .of fuel cylinder of unit length, cm^

Vm =  volume of moderator in the unit cell of unit length, cm3 

°(, — transmission coefficient of aluminum for the thermal neutrons 

/3 =s missing-probability 

6 = fast fission effect factor

yI - fission neutrons produced per neutron absorbed in fuel 

K= inverse diffusion length, 'cm”^

"0= neutrons produced per fission
. V

CT= microscopic cross section, cnrynucleus or "barns
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~ microscopic cross section for absorption, barns 

= microscopic cross section for radiative capture, b a m s  

Of - microscopic cross section for fission, barns 

- microscopic cross section for scattering, ba m s 

Z  = macroscopic cross section (MS'), .cm*"**" 

rT  = Fermi age, cm2 ' > . ■

cp- neutron flux, for thermal neutrons unless otherwise specified, 
neutrons/(cm2)(sec)

^j.= transport mean free path, cm.

I .1 -i ■( 'i'1
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Appendix III

The determination of the cadmium ratio in the moderator and the fuel.

The cadmium ratio has "been defined on page 42 as the saturated activity of 

a hare foil, for example, indium, divided hy the saturated activity of the 

indium foil completely covered with cadmium. Bare and cadmium covered 

lndlnm foils were exposed to the neutron fluxes "both in the fuel and in the 

moderator. The foils were activated for about 40 hours in all cases and 

the beta-activities were counted with a Geiger counter. The saturated 

activities were then obtained from the relationship A ĉ = A  exp( T\x t), 

where A  is the corrected relative activity (I.e», observed count rate minus 

the background), /\ is the decay constant of In.-ll6, and t is" the time 

elapsed after removal of the foil from the reactor. The cadmium ratio 

in the fuel was determined by positioning the bare and the cadmium 

covered foils between two fuel rods on a line perpendicular to the axis of 

the fuel element. The cadmium ratio was determined at several locations 

in both the fuel and the moderator. The data are given below:

Data for the cadmium ratio in the moderators

Foil Ho. Bare foil Cadmium covered foil
time, t. corrected relative 

activity, Ah
time, t corrected relative . 

activity, A
I k min 202 c/91 4 min 50 c/m'
2 4 'i 190 U 4 1/ 55 U

3 4 H 174 4 '1 53
k 14 H 202 'I 14 Il 62 >1

5 22 1, 586 I) 22 ii 150 >1
6 25 .1 • 966 i\ 25 ii 250 11
7 28 v 1489 28 U 412 ii
8 4 ■> 283 n 4 H 76 >1

9 .8 >1 560 if 8 '1 150 U
IQ 16 '' 380 " 8 'I 108 If

Cadmium
-ratio,

Eed^ A° 
3.45 
3.29 3.26 

. 3.90 
■ 3.86 
3.61 
3.72 
3*73 

" 3.53
^These foils were positioned at different locations well within 
„(i»e., neither too close to the source nor . to the boundary of

the reactor, 
the reactor).
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The average in the moderator is 30638«
Therefore in the moderator the fraction of the thermal neutron density 

of the total neutron density, -I) is »7251,

/ ,

Bata for the cadmium ratio in the fuels

Foil No, Bare foil Cadmium covered foil Gd-ratio
Time, t corrected relative 

activity, Ab
Time,t corrected, relative 

activity, A q . sAb/A c

I 4 min 232 c/m 4 min 81 e/m 2,86

2 ' 4 ti ' 131 » 4 " 49 'i ' 2.67
3 4 D 171 4 1J 65 i, 2.63 .
% ■ 4 „ 265 " 4 'i 95 v - . 2.79

5 4 - 4io -I 4 11 0. 2.73
6 4 n 384 ,, 4 I, 143 2.68

The average value of -in the fuel is then 2,73 and the fraction of 

thermal neutron density of the total neutron density is 0,6337«
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