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Monatomic Gas, allowing for Thermal Agitation
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During the process of neutrón moderation, the mean 
logarithmic loss of energy due to collisions decreases 
as the neutrons drop to energies comparable to the 
thermal energy of the moderating nuclei. This loss of 
energy continúes until it falls to zero and the neutrons 
achieve thermodynamic equilibrium with the mod­
erating nuclei.

The purpose of this paper is to investígate the range 
of energies of the moderating process using a mon­
atomic gas of high atomic weight. This is a relatively 
simple case because it is not necessary to allow for 
the chemical bonds of the scattering nuclei, and also 
because simplifying approximations are applicable. 
The same case was reviewed by Wigner and Wilkins,1,2 
who computed the n(E) spectrum for absorption 
according to a l¡v law. In this paper, we are describ- 
ing the thermalization process per se, independently 
of the S a(-E) function, but under the assumption that 
the following condition is fulfilled:

(1)

which is characteristic of all good moderators.
It has proved to be quite useful, in order to attain 

the end envisioned, to use the length x  covered in a 
broken line by a neutrón from the point of its release. 
The first problem which arises is that of finding the 
spectral distribution of all neutrons which have 
covered this same distance x.

Let us suppose we are dealing with an infinite 
médium with a uniformly distributed source, not 
considering spatial dependency.

Let us cali n(x, E) dxdE the number of neutrons per 
unit volume, the energy of which is between E  and 
E  +  dE, the length of travel of which is somewhere 
between « and x  +  dx. Then let us write:

q(x, E) dxdE =  n(x, E)v dxdE (2)

for the corresponding flux. q{x, E) dE will thus be the 
number of neutrons per unit volume having an energy 
comprised between E  and E  +  dE, which pass, in 
each unit of time, through such a point of their 
trajectory that their broken-line travel to this point 
is On the other hand, n(x, E) dE is the "density”

of the distribution along an axis x, of the neutrons 
having an energy of between E  and E  -j- dE.

Let us now try to determine the magnitudes so 
deñned. To this end, we can consider that q(x, E) 
will include only neutrons which have sufíered at 
least one collision, so we can start from the following 
equilibrium equation:

dq(x, E)
dx -q(x, £ )[Z s(£ )+ Z a(E)]

+  n [ q{x,E')o{E'-+E)dE'
J  0

+  Q exp[—2 S(E0)% -  Za(.E0)x]Na(E0-+ E ).

The last term on the right of this equation corres- 
ponds to the source neutrons having energy E 0, 
which have not suffered any collision as yet. This 
term is different from zero only for energies very cióse 
to E 0. Assuming E 0 >  kT, we can leave it out a few 
mean paths from the source.

Now let us write:

q{x, E )= M (E )<f>(x, E) (4)
with:

M (E )= E  exp[— E/kT] (Maxwellian distribution). (5) 

Therefore:

M(E) =  —M(E)<f>(x, E)[XS(E) +  2 .(2)]

+  N [ mM{E')<f>(x,E')o{E'^E)dE'. (6) 
J  o

In view of the principie of partial balance, since 
M(E) is the equilibrium distribution of the neutrons 
in a moderator at an absolute temperature T, we can 
write:

M {E')o{E'-+E)=M [E)o{¡E ^ E ')  (7) 

from which:

m x , e )
dx

* Comisión Nacional de Energía Atómica.

-4>(x,E)[XB(E )+ *„ (£ )]

+  N [ a><f>{x, E ')a{E -+ E ’) dE'. (8) 
J  o

Let us now take the Laplacian transform of this
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equation with respect to x, allowing for </>(0, E) = 0 :  

s$(s, E) =  - $ ( s ,  £)[ZS(£) +  2 a(£)]

+  n [ ${s,E ')o{E-+E')dE'. (9) 
J o

If, in the integral found in this expression, we 
develop function <j)(s, E ’) as a Taylor series, we are 
left (leaving out the terms of order greater than the 
second) with:

<¿(s, £ ) [ s + £ a(£) +  £,(£)] =  ${s, E)XS(E) 

d${s, E)
dE

-N {E -E ')< j{E -+ E ’)dE'

+  ° ^ % ^ j \ C°o (E -E T cT (E -> E ')dE '. (10)

But when the atomic weight of the moderator is 
high, we can prove3 that the following apply:

N

N

f°°(£ -  E') a(E -► E ’) dE’ ~ fS,(£ -  2kT), (11) 
J  o

( E - E ' ) 2a(E -^ E ’) dE' ~ & sE2kT. (12)

Replacing in (10):

[S+ X a(£)]<£(S, £) +  ^ | ^ f S s( £ - 2 k r )

d2£  (s, E)
—  d & & * E k T = 0 - (13)

Making the change of variable: e =  E jkT , (14), we get 
finally the equation:

_ 92</> (s, e) d(f> (s, e) s +  2 a(£ )j
0e2 +  (2 -  e) ----- 6) =  o. (15)

For ü8 and Za constant, and calling:

s +  2 a
P =  - #2.  ’

we have the solution:

$ (s ,e )= c (s )F t f,  2 ,6),
Where:

F (0 ,2 ,e) =  l+ | e - '  W + 1 )  ^

(16)

(17)

2 .3  '2 !

/?(/? + 1)(¿? + 2) 
2 .3 .4 • 3 T  +

is the confluent hypergeometric series having para- 
meters 0 and 2.

Therefore, where q(s, E) =M(e)<f>(s, g) is the trans- 
form of q(x, E ) :

q(s,e) =  c(s)M(e)F(0, 2 ,6). (19)

The parameter c(s) can be determined by the condi- 
tion:

[ q{x ,e)d e  =  Qexp[—2, 
J 0 A- (20)

In effect, since we assume that E 0>  kT , a(E0->E) 
=  0 holds if E > E 0 and, as a consequence thereof, 
there are no neutrons of energy greater than E 0.

If we apply the Laplace transform to Eq. (20), 
and assume that it is proper to invert the order of the 
operations, we get:

q(s, e ) d e =
0 s i Ai

and, introducing (19) 

c(s)
¡ £°M(e)F(0, 2, e ) á e ‘ s + S ‘

so that, finally:

?(«. e ) s +  ̂ a
e~eeF(0, 2, e) 

f i e~*e F (P- 2, e)áe

(21)

(22)

(23)

We shall now endeavour to transform this expres­
sion by means of the known relations:

j F t f + l , y +  1, 6) =  F (0  +  1, y, e) -  F{0, y, e), (24)

(1 - 0

F(fi, y , e) =  e6F(y -  0, y, -  e), (25)

F iP> V. e) d e =  (1 - y ) F ( 0  -  1, y - 1, 60)

+ y —(26) 1.

With Eqs. (24) and (25), we obtain:

e-*eF(fi, 2, e) =  F(1 - 0 , 1, -  e) -  F (2 - 0 ,  1, -  e) (27)

and applying (26) to the boundary case in which y 
tends to 1:

lim í F {2 —0, y, — e) d e =  e 0F (2 - 0 ,  2, -  e0) (28)
y—ylJ 0V'

and:

lim
y ->  1»

F (l-/ 3 ,y , - 6 ) ¿ e  =  60F (l-/ 3 ,2 , - e 0). (29)

Summing up:

e~eEF(0, e) ¿e =  e0[F (l - 0 , 2, — e0)

-F(2-/3, 2, - e 0) ] = - | - F ( 2 - /9, 3, - 6 0) (30)

(18) from which:

?(s. e) =
Q 2 e~Ee F (0 ,2, e)

s + 2 a ' 602F (2  — /3, 3, —  e0)‘
(31)

Since we have supposed that e0 is very large, we can 
apply the asymptotic development of F(2 —0,3, — e0).

F ( 2 - j8 , 3 , - G 0) ~ 6 0',-«
r(i+/5)

(32)

and, therefore,

Q
?(s. e) =  2- e)r (x +)3)eo_p- (33)
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In order to obtain the back-transform of this expres- 
sion, we shall resort to an integral representation4 of 
the hypergeometric confluent functions:

m  2, e) = (34)

Therefore:

?(s. e) = Q
s + 2 . S E -

r(i+ /S ) - 3m
roo j

x x —
J  o

(2 {eí}*

or else:

?(s. 6) =s+2ae_eG4/? H í ) ' 1

dt, (35)

Where e0 is very large, we can leave out the contri- 
bution to the integral between e0 and infinity so:

?(s> e) =  |2 e~*GÍ ■ r  s + ^ ,  g«iexpL— í s r lnT j

x e_,A(2{6Q*)

Let us now change variables:

Therefore: 

q(s, e )= Q  e-'e*

X

1 dt
a j  = ~d“-

-<s+2°>“exp[—e0 

7i(2{G60 e x p [ - fE sM]}1)

(37)

(38)

-Í2í«/2 ¿«i. (39)

The back-transform of this expression, assuming again 
that we may invert the order of operations, is:

q(x, e )= Q  e~ZaX e*
r oo

ó(x — u)
J o

r _  A(2{eg0e x p [-| S sM]}t)
exp[— fE sw]X exp[— e0 «-**“] ■ du (40)

in which <5 is Dirac’s function. Finally, we can write: 

q{x, e )= Q  e~SíX e_eGi /1(2{ee0 e- ^'*}*)

exp[— e0 g-í2sa:]
X Eo* exp[— í e sx/2] (41)

which is the solution we are seeking. Let us see, now, 
how this function behaves when variable x becomes

large or small in comparison with ~  ln e0.

(1) Large valúes of %'. in this case, the argument of 
function I 1 will be small compared to 1, and we can 
replace this function by the first temí of its develop- 
ment in series:

A(2{e60 g -^ 6®}*) ~  (ee0 (42)

In addition, factor exp[— e0 e~(ElX] will be practically 
equal to 1. Therefore:

for
q(x, e)~ Q  e -^ x e~se (43)

which is the Maxwellian spectrum.
(2) Small valúes of * :  in this case the argument of 

I i  will be very large and we can use its asymptotic 
expansión. The predominant temí in this wiÜ be:

Therefore:
(44)

(45)2tt4 (g0

for % <g —  ln e0 
«A¡

which is a Gaussian type distribution.

Moments
Starting from the spectral distribution (41) we can 

determine the expressions (independent of ¿ a):

vn(x) -
j*q (x , e)vnde

/*?(*. e)de
(46)

with n =  — 1, -f  1, 2, 3, . . . .
The denominator of these expressions, which is the 
total number of neutrons a(x) which reach a point at 
a distance (x) per unit time and volume, is given by 
Eq. (20). Introducing Eqs. (20) and (41) in (46), and 
allowing for the relationship :4

r -  *T ( ^ )

(47)

(48)

_/ u +  v b2\
XF\-^ ’V+l' j )  

we get, for e0 very large:

~ , / 21crV „/  n\
V%{X) =  \ m f  r  ( 2 +  2 j  6XP[“  e° e ]

X * ( *  +  % 2 , e 0 e ~ ^  

or, by virtue of Relationship (25):

“ ( ¥ ) ‘r(2+l)F( - | 2' «-””)■
(49)

Formulas (48) and (49) obviously can be written: 

«"(*) =  exp[ -  e0 e~ ^ *]F (2  + 1  2, e0 e ~ ^ j

=  - e üe ~ ^  (50)
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in which is the valué toward which vn(x) tends 
when x tends to infinity, namely the valué which 
corresponds to the Maxwellian spectrum (43). Let us 
now see a few special cases.
For n =  — 1, we can write:

de

é) de

1
'v(x)’ (51)

where v(x) is the mean velocity of the neutrons which 
travel a distance between x and x +  dx, a magnitude 
which we shall use below. Applying Formula (50), we 
can write:

J _  =  _!*■($ 2) - e 0e-f&*).
v(x) vtb

For n =  2, we have the mean quadratic velocity 
averaged over the flux, and, applying again Eq. (50), 
we can write:

«*(*) = 1. 2,
=  v ( i  +  | ^ ) . (53)

This last specific result can be obtained direct, using 
the following reasoning.

Let us take again the equilibrium Eq. (3), but let 
us elimínate the source term:
Sq(x, E)

dx -q(x, E)CZa(£ )+ S .(E )]

+  N q(x,E')o{E'-+E)dE'. (3a)

Let us multiply both sides by v2 and integrate in E. 
Let us now assume that the inversión of the order of 
integration is acceptable, and we shall obtain:

¿ j \ { x ,  E)v* dE =  -  £)®2[Za(E) +  S.(E)] dE

+  N q(x, E') dE' o (E '-+ E y d E .  (54)

Allowing for the fact that

o{E-+E')dE',S.(.E )= N

we can write Eq. (54) in the form: 

d\_q{x)v*{xY\ 2N
dx q{x, E') dE'

X [° a {E '^ E )  (E'—E) dE -  P q{x, £)v22 a(£) dE. 
Jo Jo

If we now use relation (11), we have:

dqix)-,,, , ,¿[>2(*)] ^ x 4krv2(x) +  q(x) dx =  -  & sq{x) ̂ v2(x) -

(55)

]

q(x, E )v ^ (E )  dE. (56)

On the other hand, integrating Eq. (3a) directly with 
respect to E  we get:

dq(x)
dx q(x, E )2 a(£) dE (57)

and, as a consequence, Eq. (56) takes the form:

■«*>]_ 4kn
dx [x)- m•fS,

■ E) s.(£)[w~»(*) - * 2] dE.

For 2 - =  constant we have:

~ / 4kr\ 
(52) »*(*) =  — — y - {2 * 4 k r

m

(58)

(59)

4kT
and, therefore, neglecting-----  with respect to v02 inm
the parenthesis:

v2(x) mv¿
(60)

It is of interest to note that for small valúes of x, that 
is for large valúes of e0 e^ÍEaX, we can apply the asymp- 
totic development of the hypergeometric confluent 
functions. Equation (50) then takes the form:

1
H )

=  v0n e - n̂ 2, (61)
r

an expression which is accurate when we can leave 
aside the effect of thermal agitation of the moderator, 
or, for vn >  vth'1.

Migration and Moderation Lengths
Until now, we have assumed, in order to deduce the 

expressions mentioned above, that the capture cross- 
section of the médium is independent of the neutrón 
energy. However, this is not so for the moderators 
found in practice. Fortunately, Condition (1) is gen- 
erally met:

1 S a fa J «u, (1)

which is characteristic of any good moderator and, 
in the case we are now considering, Expressions (50) 
remain a good approximation, as can be seen from 
Eqs. (15) and (58). We define the migration length 
of the neutrons having a given energy in a certain 
moderator by :

M  =  (ir2)4 (62)

in which \/r2 is the mean quadratic distance, in a 
straight line, covered in the moderator by the neu­
trons from the source in which they origínate, until 
they are absorbed.

We shall define here as moderation length L H a 
quantity taken from the expression commonly used 
in reactor computation:
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M2— L 2-\- L 2 (63)

in which L  is the thermal diffusion length. L 2 as 
deñned is really a function of L2. Nevertheless, we 
shall see further on that, if Condition (1) is fulfUled, 
dependency on L2 is given only by terms of the order 
of L2/c2, which can be neglected.

We shall now determine these magnitudes for an 
absorbing moderator following the 1/v law. It is easy 
to show that:5

r2 =  2Xtx, (64)
in which:

In determining term ífE ^ v^  we must allow for the 
fact that is slightly different from wth. In order to 
compute this difference, we use Equation (58). Con-
sidering that dv2(x)¡dx must vanish as x tends to 
infinity, and assuming that q(x, E) then tends to have 
a Maxwellian spectrum, we can write (see Appendix 
3):

' 1 1 <*)Sa^co) S a(üth) 8|Ss

if we leave out the terms of the order th/

i =  i r x \ -  d̂ \  d x ~ \  ” ?(*) dx (65) We finally obtain: 
VJ o L dx j  <JJ o

is the mean track length covered by the neutrons from 
their point of origin to their absorption.

In order to compute x, let us again take Eq. (57), 
applicable for any function 2 a(£ ) :

dq(x)
dx T q { x ,E ) ^ { E ) d E .  (57)

J o
Since we have now assumed:

we can write:
dq(x) q{x)

(66)

(67)

from which:
dx lv(x)

[

i r *  dx ~1
(68)

Substituting this expression for q[x) in (65), we obtain:

{m}
and, consequently:

(7o)
in which is the limit toward which v(x) tends, when 
x grows indefinitely. It can be shown (see Appendix I 
and Ref. 6) that, if Condition (1) is fnlfilled, and if

terms of order -¿Aa (vth) are neglected, Formula (69) c
reduces to:

x =  v- * +  [_ x d í ^ r Y  (71)
^ a (^ o o )  J  Vzolv0 \ v {%)/

If Condition (1) now is fulfilled, we may assume that:

and we get (see Appendix 2): 

í “ d ü + ¿ ¡ [1” e" " ( 1 + I n 4 _ *i)I

(72)

M2= L 2 +  ^ -s(lne0-1 .6 8 ). (75)

Applying, then, Deñnition (63) we find, for the mod- 
erating length:

Ls2 =  ̂ - S(lne0-1 .6 8 ). (76)

Total Flux and Total Neutrón Density
By virtue of the definitions given at the beginning, 

these magnitudes are expressed by:

<¡> =  q(x) dx,

00 dx

(77)

(78)

For an infinite médium, we can write:

<f> — Qx =  QM2ID (79)

as can be proved by comparing Eqs. (65) and (77). If 
the absorption in the médium follows the Ijv law, we 
can also write:

n =  Ql (80)

and the mean velocity of all the neutrons will be:

(81)

We shall now compute <f> and n in the case of a finite 
médium, with a neutrón source distributed over it, 
according to an eigenfunction of the equation

AQ(r) +  B 2Q (r)=0. (82)

If we wish to reduce this case to that of a finite 
médium, it is sufficient to add, to the neutrons lost 
by absorption, those lost by diffusion to the outside 
(the number of which per unit time and volume is: 
—DA(f>(r, E )dE  in the' energy range E, E  +  dE). But 
if Q(r) satisfies Eq. (82), <j>(r, E) will be proportional 
to Q (r) and the lost neutrons by diffusion would be 
B 2Dcf)(r, E) dE. As a consequence of this, the problem 
presented is equivalent to that of an infinite médium 
with a fictitious absorption according to the law:

1 t D2n. V /.T
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Injecting this fictitious capture cross-section into 
Eq. (57), we now can write:

, f  1 f x dx
q ( x ) = Q e x P [ _ - 7 J ^

and, by Deñnition (78):

- B 2Dx (84)

n =  Ql - B 2Dx
dx

o L  *J  <>■"(*)

If we integrate this expression by parts, we get:

dx

r  i n
L ¿Jo»

is expressi 

t =  e x p [ - j >v(x)

1

] dx
lv(x)'

e g

fí2.D*J¿%J, (86)

(85)

that is:

n =  Ql[  1 - ^ J J » (*)v(x) B*Dq\■

(87)

Let us suppose that, as usual, the following condition 
is fulfilled

B'2M2 <| 1 (88)

in addition to Condition (1). Then, if we neglect the 
ternas of order B iMi , we can replace <f> by its valué in 
the infinite médium, and we obtain the conventional 
formula:

Qin ~ Ql(l — B 2M2) : 1 +  M 2' (89)

We have yet to determine <f> in the finite médium, 
which, by virtue of Definition (77), is given by:

Í°° r  i cx dx i
^ x\ - - i \ , W ) - BiD xr  (90)

For the exact v(x) Function (72), this expression can 
only be determined numerically. But, on the other 
hand, we can compute it for the two functions a and

^  (a)
VOD VCO

v ( x )  1
~ ^ T  =  F(i, 2, — e 0 e - f s « )

III; m
= 1 + © - 1) e" ÍSM (b)

b given in Appendix 1, which encompass the correct 
function, except in a small range of the variable about

the point # =  -=rln e0 (see Fig. 1).

The result obtained is the same for a and b, except 
for terms of the order of c~2, c_1, B 2M2 and BiMi 
which we can leave out. For Function (72), between 
a and b, we can therefore assume the same result, 
which is:

QM2
~  D[1 +  B*L\ 1 +  LS2/2L2M2)]‘ ^

Finally, dividing <j> by n, we find, for the mean 
velocity of all the neutrons in the finite médium:

" =  %  ̂ 1 +  \ (ln e0 -  1-68) J

:j^l +  5 2Ls2^l —X^1 +  5 2LS2(

APPENDIX 1.
Computation of the limit:

m i
2M2/ J (92)

lim
27a(í7(x>)->o\ "a^oo/

On the hypothesis that the integral x d l  —̂  )
Jáoo lv0 \v(x)/

converges, we have seen that:

M o  exp[ - 2 > _« )j 0$ ) d%] dx- w

Integrating the exponent of this expression by parts, 
we get:

r  (•» W -|
x =  I exp — u(x) + 2 a I xdu{x)\dx (93) 

J o L J «(0) J
in which, for brevity’s sake, we set:

2 a(íac)= 2a

áco
v(x)

Let us now change variables

dr¡

■ =  u(x).

r ¡ - -2a* •

Thus:

i  rl 
S.

x ^«(Sa ‘ Inir-1) eXp

n
=  — 2 . dx.

«(*)
x du(x)

M(0) J  Vo L
If we develop the exponential in series we get:

J 0

[ ruCL^hirr1) “I
1 + S a %du(x) + S a2/(í?) dt).

J «(o) J

(94)

(95)

When S , tends towards zero u (¿bí)
(96)

tends towards
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1 and the term 'L2f(r¡) disappears. Accordingly:

lim
m (0)

xdu(x), (97)

í.e.,

H m ^ - l ) = r  x d ( ^ ) .  
^a/ J Voo/V0 \v(x)/

). (98)

N .B.: The present demonstration of Formula (98) was 
suggested by R. Scarfiello.

Let us now compare the valúes of x — Aa obtained 
from Eq. (69) for various functions v(x) with the 
asymptotic valúes (98).

Voo v

Hx) _ l
Vn

Equation (69)

£a=í . ^ ifI< 2ln5
V„_

Vn
if x>-^rln-^  va

(Fermi’s
approxi-
mation)

Equation (98)

Equation (69)

*-a-=¿;[1"(£)’- ( 1-63+??)]- (101)
Equation (98)

(102)

In both cases, the two results are equal except for 
terms of the order of Aa/c2.

Forthe correctfunctionvx lv(x) =F(%, 2, — e0 e_fSs!t), 
Expression (69) can only be computed numerically, 
but, since this function ñts closely between functions 
a and b (see Fig. 1), we may assume, for it as well, 
the equivalence of the Formulae (69) and (98), but for 
terms of the order of Aa/c2.

APPENDIX 2.
Computation of the integral:

7 = f  , x d ( ^ )  =  r xd F ( h 2 , - e 0e - ^ ) .  (103) 
J  Voo¡V0 \ V[X) /  J  0

Changing variables:

y . p—
dy

(104)

Then :

or:

J  = Mf
\ d F (j, 2, - y )

r dy dy, (105)

I  =  ̂ - l n e 0[ l - F ( i  2, — e0)]

1 r° dF{\, 2 , —y)
l ny— — —dy. (106)dy

Applying Formula (26) we can write:

dF(h 2, -y)1 f° ,,2 Jeln:y--- -̂--dydy

■uz,)}nyFli-*--y)dy=m, (107)

In order to compute J  we shall resort to an integral 
representation4 of -F(f, 2, —y) (Ref. 4):

F ( l  2, - y )  =
8

■\/n
00 dt 

e - tíU 2 W y ) - .  (108) 
o y

Using this expression in J ,  inverting the order of 
integration, and assuming that e„ is very large, we 
can write:

/ = e_t! dt
0 dy 
In y  J^ f- s /y )—.

1 y
If we set:

dz dy 
z =  2W y, — = 2y’

(109)

(110)

we can decompose J  into:

ln z j 2(z) -
dz

o 

32
V e~l ln (2¿) dt

00 (¡7
JA ¿)~- (n i)o z

According to Ref. 4, we can write: 

dz
ln # ) 7 = i W ) + V ( 2 ) + 2  ln 2]

=  i(ln 4 + 1  —£x), (112)
» dz
/.(*) T  =  i  (113)

roo roo
j e _ía ln (2t) dt =  J  e~u ln (4u) —y- 

J  o J o  v u

=  ^ W i ) + l n 4 ]  =  -
■s/n (H4)

and, therefore:
_/=  4(ln 4 +  1 ex). (115)

Finally, substituting this result in (106) and (107) 
and considering that term l/f2s.ln e0F(|, 2, — e„) is 
negHgible for large valúes of e0, we then have:

7 =  ̂ [ l n e 0- ( l + l n 4 - £l)]. (116)

APPENDIX 3.

Computation of the difference ¿a(¿O ^^a(^th). f°r 
absorption according to the l/v law.

From Eq. (58) we find that, if *  tends to infinity:



296 SESSION A-12 P/1567 J. U. KOPPEL

~ _ 4 k t  s a(% )/ 8 k r y  
Jco m f £ s \ mn J

° ~ dE f°° 
q[x, E)v2(x)-------q(x, E)v dE

X lim —----------------- ” Jo--------------- ( in )
x->-k} q{x)

or else:

1 /8kr\*
1 - - I ----- ) lim -c\ nm  )

d E
l(x> e V-t

q{x)

4k T  1,
-  - ^ Y l i mm c\7cm /

We shall assume that:

q(x, E ) 1

f ?(* .£ )»J 0 _____
q(x)

dE

lim
«—>00 q(x) (k T 'f  

Thus we obtain relationships: 

. ~ _ 4 k  T

dE

EfkT'2?'

J> *> ?  /*»v
q(x) \8kT')lim

x—>c¡o

hm
X—XX)

and, therefore,

o g{x,E)vdE

q{x) \ 8m )

4k T  1 3k
,, rpf ----------- . ---- (TT  )*4ki m c m

(118)

(119)

(120)

(121)

(122)

(123)

Neglecting the terms of the order of we can write:

r '  =  r ^ i - ^ ( r / r ) *  +  ^ (r / r )* J  (124)

and also, ignoring the terms of order (Tr— T)¡c, we 
have:

For Vro we obtain

or else:

•=r(1+¿)'
i:

& r(>+¿)]

(125)

(126)

u( i + ¿ y = » » ( i + ¿ ) ,  i ® )

and, finally:

•̂a(v°o) â(̂ th) 8 f2L
(128)

LIST OF SYMBOLS
B  =  buckling
c — fZs/2a moderating coef&cient 

D =  diffusion coefficient 
E  =  energy
ex =0.57721, Euler’s constant 
I v =  modified Bessel function of order v 
J v — Bessel’s function of order v 
k =  Boltzmann’s constant
l =  mean life of the neutrons in an infinite 

médium with l¡v absorption 
L  =  diffusion length of thermal neutrons 

Ls =  moderation length 
m =  mass of a neutrón 
M =  migration length 
n =  neutrón density 

N  =  number of atoms per cm3 
q =  neutrón flux 
Q — source intensity 
T =  absolute moderator temperature 
v =  velocity 

V =  mean velocity 
vth =  mean thermal velocity 

x =  broken-line travel
e =  £/kr
<f> =  total neutrón flux 
At =  transport mean free path 
Aa =  absorption mean free path 

cr(E-^-E') =  differential scattering cross-section, for 
neutrons scattered from E, E  +  dE to E', 
E ’ +  dE’

S 8 =  scattering cross-section 
2 a =  absorption cross-section 

| =  mean logarithmic energy loss per collision
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