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Moderation of Neutrons by Elastic Collisions in a Heavy
Monatomic Gas, allowing for Thermal Agitation

By Juan U. Koppel*

During the process of neutron 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 continues until it falls to zero and the neutrons
achieve thermodynamic equilibrium with the mod-
erating nuclei.

The purpose of this paper is to investigate 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,2
who computed the #(E) spectrum for absorption
according to a 1jv law. In this paper, we are describ-
ing the thermalization process per se, independently
of the Z,(F) function, but under the assumption that
the following condition is fulfilled:

NI (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 neutron 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
medium with a uniformly distributed source, not
considering spatial dependency.

Let us call #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 x and x 4+ dx. Then let us write:

g(x, E) dxdE =n(x, E)v dxdE

for the corresponding flux. ¢(x, E) dE will thus be the
number of neutrons per unit volume having an energy
comprised between E and E+d4E, 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, #(x, E) 4E is the ““density”
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of the distribution along an axis %, of the neutrons
having an energy of between E and E | dE.

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

0x

- Q(x’ E)[ES(E) +ZE(E)]

+Nj:q(x, E')o(E'—E) dE’
+0Q exp[— X (Eg)x — Z,(Eo)¥] No(Ey— E).

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

Now let us write:

q(x, E)=M(E)¢(x, E) 4)
with:

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

M(E) a95(;2-75)

—M(E)p(x, E)[Z4(E) + Zu(E)]

(=)

M(E")$(x, E")o(E'—~E) dE".
[}

+n| ©
In view of the principle of partial balance, since
M(E) is the equilibrium distribution of the neutrons
in a moderator at an absolute temperature 7, we can
write:

M(E)o(E'—>E)=M(E)s(E—E') (7)
from which:
%@ = —¢(x, E)[Z(E) + 2, (E)]
+ijg{>(x, E'Yo(E—~E')dE'. (8)
0

Let us now take the Laplacian transform of this

OR
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equation with respect to x, allowing for ¢(0, E)=0:
S%(S, E) = ——%(8, E)[ZS(E) _{—Za(E)}

—|—NJ “3(s, EYo(E—~E)dE. ()

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

¢(s, E)s +Zo(E) +Z4(E)] = (s, E) Z(E)
_ a‘gg’zE)NJw(E —EYo(E—E') dE’
Oi;E zj (E—Eo(E—E)dE".  (10)

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

Nr(E —E)o(E—~E")dE' ~£S(E —2kT), (11)
0

NJ (E—E')0(E—>E’) dE’ ~ ESE2KT. (12)
0

Replacing in (10):

E)1(s, E) + "SESE es (E —2kT)

0% (s, E)
~ oE?

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

[s +2a(

£5,EkT=0. (13)

024 (s, €) o (s,€) s+Z,(e
€——— ¢ +2-— ¢8€ ) qS( €)=0. (15)
For Zs and Z, constant, and calling:
s+Z,
ﬂ—ﬁ- (16)
we have the solution:
%(S, E) = F(ﬂ: 2, E)’ (17)
Where:
+1) e
F,2,e=1 +I§e+ﬂ(lz 3 ) 31
BB+1)(B+2) €
+—2.3.4 §—|+ (18)

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

Therefore, where (s, E)
form of g(x, E):

q(s, €) =c()M(e) F (B, 2, €)- (19)

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

=M(€)(s, €) is the trans-

raq(x, €) de =0Q exp[—Z,x]. (20
0

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

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

j:nq'(s, &) de= fz (21)
and, introducing (19)
c(s) = ! 0 (22)
Jomerp 2 gde <t
so that, finally:
i, = o B2 gy

StE [“o<eF(5,2, ) de

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

§F<ﬁ+ Ly+1,&=F(f+1,9, 6 —F@y e, (24)

FB.y.9=¢Fy—py.—8), @)
1=p)| F(p.y. 0 de=1—NFE—Ly—1e)
Ly—(28) 1.

With Eqs. (24) and (25), we obtain:
e*eF($,2,e)=F(1—,1,—e)—F(2—p,1,—¢€) (27)

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

ﬁmj "F2

y—>1J 0

—B,y, —€)de=g,F2—8,2, —¢,) (28)

and:

€y
lim | F(1—B,y, —e)de=e,F(1

y—>1J 0

—8.2, —&). (29)
Summing up:

€
J eeF(p,2,e)de=¢gy[F(1—3,2, —€&,)

0

2
—F@2—8,2, —¢

=" F@2—F3 ~&) (30)

from which:
Q 2e<eF (8,2, €)
s+2, €2F(2—p8,8 —g)

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

2
L1 +8)

g(s, €)= (31)

F@2—-8,3 —

and, therefore,

Eg) ~ € * (32)

g(s, €)= 3 -EZ e<feF(f,2, el (14 B)e,~P. (33)
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In order to obtain the back-transform of this expres-
sion, we shall resort to an integral representation? of
the hypergeometric confluent functions:

F(B,2, €)= f‘(l—ﬂ) j :e—‘tB—III(Z{et}*) {eitt*' (34)

Therefore:

r
(s, e)=sfzae‘ee (Ii(_;)ﬁ) "

@ L2t
X J 0 e‘”tﬁ—l%ﬁ i, (35)
or else:
© [ t\P I,(2{e}t
26, €)= fzae-ee*ﬂ J ] e—‘<~E-O> %}) dt. (36)

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

7 __Q__ =1 ® s+2" i’
g(s, e)_EZe € L exp| — &, lnt

s

_Li2{et)
Xe tTdt (37)
Let us now change variables:
1 _ g 1 dt
Ezsln 7 =" > 7= du (38)

Therefore:
o]

9-(8, E) :Q e—eE*J e—(s+}'.‘a)uexp[_eo g—:’zgu]
0

I,(2{ee, exp[ — eZ,u]}?)
X Eoi e—fzs’l&/z

du. (39)

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

@«

g(x, €)=0Q e~ ¢~ e*j O(x —u)

0

1(2{€€, exp[— X u]}?)
Eoi exp[_ £:Zs”"’]

I
X exp[— €, 5] du (40)

in which § is Dirac’s function. Finally, we can write:
(%, €) =0 e~5® e~5ct I, (2{c€, e~tZ})

exp[_ EO g—sta:]
& expl— £€,72]

(41)

which is the solution we are seeking. Let us see, now,
how this function behaves when variable x becomes
. . 1
large or small in comparison with 5ol In &,
5

(1) Large values of x: in this case, the argument of
function I, will be small compared to 1, and we can
replace this function by the first term of its develop-
ment in series:

I,(2{eg, etZ=}}) ~ (e, e~t=®)1, (42)

In addition, factor exp[— &, e~*%#] will be practically
equal to 1. Therefore:

glx, €) ~Q e~ T g—¢ (43)
for
! 1
x> £z, n €,
which is the Maxwellian spectrum.
(2) Small values of x: in this case the argument of
I, will be very large and we can use its asymptotic
expansion. The predominant term in this will be:

exp[2{ee, e*T=}1]

—£Zs21EY o
II(Z{EEOB } ) Znt(EEO e—é):»:c)i : (44)
Therefore:
(et et p—EZmia\2
q(x, e)zQe—E"”eXp[ -6 ¢ M (45)

27 (€, -5)1
1
for x £ z:i In €y

which is a Gaussian type distribution.

Moments

Starting from the spectral distribution (41) we can
determine the expressions (independent of X,):

fzoq(x, €)v" de
f:oq(x, €) de

withn=—1, +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 Eqgs. (20) and (41) in (46), and
allowing for the relationship:*

o bT(” j”)
—x?, u—1 —_—— £
Jo e~ x4 (bx) dx = T 1 1)
b2
X F(";”, y1, Z) (47)

we get, for g, very large:

~ KT\
vn(x) _ <2 {T>2 F <2 ___}__ g) exp[_ EO e—fEsT]

V(%) = (46)

w

x F <2 + g 2, & e—fz-f) (48)

or, by virtue of Relationship (25):

J‘(x) = <2k—mz>§I‘<2 —;—%)F(-% 2, —e, e—§23r>'
(49)

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

~ n
V" (x) = vy exp[— €, e—fZ*“]F<2 + > 2, & e—f’l">

= v;”F<— g, 2, — & e—fz"> (50)
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in which " is the value toward which v"(x) tends
when x tends to infinity, namely the value which
corresponds to the Maxwellian spectrum (43). Let us
now see a few special cases.
For n=—1, we can write:

vHp) = = @, (51)
[2qtx, € de

where 9(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:
_1- — ‘1_ F(% 2 —& e—f}"..sa:) (52)
(%) T
For n=2, we have the mean quadratic velocity
averaged over the flux, and, applying again Eq. (50),
we can write:

~ €,
v2(x )—vthF< 1,2, —E"e-fm>

o1+ G ), 53)

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

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

%D gl EYEE)+E,E)

+NJ:q(x, Eo(E'—E)dE’. (3a)

Let us multiply both sides by #2 and integrate in E.
Let us now assume that the inversion of the order of
integration is acceptable, and we shall obtain:

0

d ©
Zi;jo q(x, E)?dE = ——jo g(x, Y2, (E)+2(E)] dE

+NJ q(x, E') dE'J o(E'—~E)*dE. (54)
0 0

Allowing for the fact that

2, (E) =NJ o(E—E')dE’,
0
we can write Eq. (54) in the form:
dlg(x)v*(*)] 2N j‘ * N 5

X ra(E' —E) (E'—E) dE — qu(x, E)v*S,(E) dE

0

(55)
If we now use relation (11), we have:
d a2 ~ 4kT
B 340+ 0t T = — em g 0 25 |

_ j “qlr, E)*S,(E) dE.  (56)

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

dq(x)
dx

—[Cwmmzma )
0
and, as a consequence, Eq. (56) takes the form:

d[v? ~  4kT
[_Zj(cx—)]= —Ezs[vz(x) —7]

1 [+ o]
+q-(;)j 4, E) S,(E)[o*x) — 1) dE.  (59)

For X, = constant we have:
~ 4kT
v3(x) = (voz — —m—>

4kT
and, therefore, neglecting P with respect to 42 in

4kT
—§Zaw )
+= (59)

the parenthesis:

v~2(x) . mvo
V2 i1’

It is of interest to note that for small values of %, that
is for large values of €, ¢~¢%*, we can apply the asymp-
totic development of the hypergeometric confluent
functions. Equation (50) then takes the form:

—£Zs m_|_ ] =— g——-fZﬂ; + 1. (60)

o~

(%) ~ v;n € "2 ez = eI, (1)

3

an expression which is accurate when we can leave
aside the effect of thermal agitation of the moderator,

~
or, for v*> v,™.

Migration and Moderation Lengths

Until now, we have assumed, in order to deduce the
expressions mentioned above, that the capture cross-
section of the medium is independent of the neutron
energy. However, this is not so for the moderators
found in practice. Fortunately, Condition (1) is gen-
erally met:

1 (vth)
¢ e, <1 (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
Egs. (15) and (58). We define the migration length
of the neutrons having a given energy in a certain
moderator by:

M = (%) (62)
in which 4/#% is the mean quadratic distance, in a
straight line, covered in the moderator by the neu-
trons from the source in which they originate, until
they are absorbed.
We shall define here as moderation length L, a
quantity taken from the expression commonly used
in reactor computation:
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M2=L2+ L2 (63)

in which L is the thermal diffusion length. L2 as
defined is really a function of L2 Nevertheless, we
shall see further on that, if Condition (1) is fulfilled,
dependency on L? is given only by terms of the order
of L?/c?, 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

2=21.%, (64)
in which:

i 48

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

In order to compute %, let us again take Eq. (57),
applicable for any function Z,(E):

aq(x)
dax

:I dx:éj ooq(x) dx (65)

0

_ _rq(x, E)S,(E) dE. (57)
0

Since we have now assumed:

1
T(E)==, (66)
we can write:
dq(x) g(x)
i = I (67)
from which:
1(* dx
i =esp| - 75| )
Substituting this expression for g{x) in (65), we obtain:
@ 1(*dx
i= — | = | 4 69
o= e 3 ) = )

and, consequently:

M2=;§j:exp [—Ea(ﬁw) J 0 % dx] ix  (70)

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

1
terms of order 0—22" (0y) are neglected, Formula (69)

i:iﬁ + j;wlvoxd<%>' (71)

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

reduces to:

T
(x)
and we get (see Appendix 2):

=F(},2, —g, e tT%) (72)

X =

1 1
Za(ﬁw) +E—zs[ln € — (1 +]n 4 _ex)]

1
__-% +a e —181). (9

In determining term 1/2,(7,) we must allow for the
fact that 9, is slightly different from @,,. In order to
compute this difference, we use Equation (58). Con-

sidering that d%(x)/dx must vanish as x tends to
infinity, and assuming that ¢(x, E) then tends to have
a Maxwellian spectrum, we can write (see Appendix
3):

S S "
if we leave out the terms of the order la(f;h).
We finally obtain:
M2=L2+%—§E (In €,— 1.68). (75)

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

2
Li= 3

(in €, — 1.68). (76)

Total Flux and Total Neutron Density

By virtue of the definitions given at the beginning,
these magnitudes are expressed by:

8= g ax 77
«© dx
n =L g(x) ) (78)
For an infinite medium, we can write:
$=07=0M?D (79)

as can be proved by comparing Eqs. (65) and (77). If
the absorption in the medium follows the 1/v law, we
can also write:

n=0QI (80)

and the mean velocity of all the neutrons will be:

= [1 + % (In €, — 1.68)]. (81)

We shall now compute ¢ and # in the case of a finite
medium, with a neutron source distributed over it,
according to an eigenfunction of the equation

AQ() + BXQ(r) =0. 82)

If we wish to reduce this case to that of a finite
medium, 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¢(r, E)dE in th€ energy range E, E +dE). But
if Q(») satisfies Eq. (82), ¢(r, E) will be proportional
to Q(r) and the lost neutrons by diffusion would be
B2D¢(r, E)dE. As a consequence of this, the problem
presented is equivalent to that of an infinite medium
with a fictitious absorption according to the law:

1 7
3 (E) =13, + B*D=Z,0u) -+ BD.  (83)
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Injecting this fictitious capture cross-section into
Eq. (57), we now can write:

glx) =0 exp[—%rﬁ— —Bsz:I. (84)

9(x)
and, by Definition (78):

® 1(# dx ax
—_ —_— - R2 ——

n_QZJO exp[ l,[oﬁ(x) B Dx] ) (85)

If we integrate this expression by parts, we get:
® 1(* dx
J— — R2 - — —— - R2

n—Ql{l B Djo exp[ ljo ) B Dx]dx}, (86)
that is:

n =Ql[1 — B;D_{:n(x)ﬁ(x) dx] =QZ[1 — B2Dg].

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

BM241 (88)

in addition to Condition (1). Then, if we neglect the
terms of order B*M*, we can replace ¢ by its value in
the infinite medium, and we obtain the conventional
formula:

~Qi(1 — B2 O (89)

ne QUL =B > 1 gy

We have yet to determine ¢ in the finite medium,
which, by virtue of Definition (77), is given by:

qS:QJ‘:epr:— %J:%—Bsz]dx. (90)

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

LA " m
Vix)
0.5
— £3,x-Int,

1A -5 ] 5

Figure 1. Velocity ratios

1; @ = _V_n e—EXe®/2 (a)
Vo Voo
() 1

G, —-—=————
Voo F(%, 2, —& e—EEsz)

113 @
Yoo

Vo2
=14 (—5—1 e~€Zsx  (b)
©

v

b given in Appendix 1, which encompass the correct
function, except in a small range of the variable about
1
the point ¥ =—="In g, (see Fig. 1).
&,

The result obtained is the same for @ and b, except
for terms of the order of ¢-2, ¢, B2M? and B*M*
which we can leave out. For Function (72), between
a and b, we can therefore assume the same result,
which is:

. _ oM
= D[1+ B2L¥(1+ Lz2/2L*M?2)T

Finally, dividing ¢ by #, we find, for the mean
velocity of all the neutrons in the finite medium:

1)

17=17th[1—|—%(1n 60—1.68)]

Jrima(-)] e

APPENDIX 1.
Computation of the limit:

1
lim (92 — >
Za(foo)—>0 I/

1 -
On the hypothesis that the integral j xd <_v—°°>
ﬁq)/Uo 'U(x)

converges, we have seen that:
~ o B x ,5@
x —_jo exp[ —Zm('u,x,)J0 ) dx] dx. (69a)

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

i:jmexp [ — 2% u(x) +2“J

0

u(x)

x du(x)] dx (93)

%(0}

in which, for brevity’s sake, we set:

Za(ﬁoo) = Za
1% = u(x)

Let us now change variables

d
7= 5% %7 = —23, dx. (94)

1 u(x) d
= %— J HET B exp [Zaj x du(x)];%7 . (95)

0 u(0)

If we develop the exponential in series we get:

1t
[ — j ,,"u(Z:ﬂ—i Inp=1)—1
aJ 0

w(Z,~ o)

% du(x) +z.ff(n>]dn. (96)

' 1 1
‘When X, tends towards zero <—Z—- In 7—}) tends towards
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1 and the term 2,2f(n) disappears. Accordingly:

1 1 1
lim <9Z——>=j‘ dnj x du(x), 97)
Za—>0 Ea 4] u(0)

1 ! Tep
zljin()(z - ia) - j ﬁw/voxd (@) %8)

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

Let us now compare the values of ¥ — A4, obtained
from Eq. (69) for various functions @(x) with the
asymptotic values (98).

ie.,

(x) T, . 2 T

E:%;‘e f}:“”’/zlfx<?§]n5_; (Fermi’s
(@ _ () approxi-

) il mation)

7. ifx> 52 ln

Equation (69)
_ 1 Vg \* 2
e ()Y
Equation (98)
lim (% —A) = % In <ﬁ> _2. 24] (100)

Aa—>0 & s

®) B[+ (”j_ ) exe].

Equation (69)

Equation (98)
lim (% —

Ag—>-c0

Ay) = 5—% [m (Ui) — 1.63]. (102)

In both cases, the two results are equal except for
terms of the order of 4,/c%.

Forthe correct function @, /v(x) =F(}, 2, — €, e7¥¥#),
Expression (69) can only be computed numerically,
but, since this function fits 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 4,/c%

APPENDIX 2.
Computation of the integral:

1 3 w0
I= d{ == )= d F(}, 2, — g, 6%, (103)
[l wxa(az) = s r o~ aog
Changing variables:

d
2 EX, dx.

1 (0 (&\dF(}. 2 —9)
I_E‘ZsL}n(y> dy .

Y=gy e, — (104)

Then:
(105)

or.

1
I=—Ingfl—

EZS F(%! 2’ - eo)]

1 dF@3.2 —y)
. L“lny—d;—dy. (106)

Applying Formula (26) we can write:

1 (° adF(}, 2, —y)
e‘z‘J Dy Y

L J
=4 j InyF(%, 3, —v) dy:zgi.

(107)

In order to compute J we shall resort to an integral
representationt of F(§, 2, —v) (Ref. 4):

8 .
F&.2 —y)= [ et ey, 0
Using this expression in J, inverting the order of
integration, and assuming that g, is very large, we
can write:

. d
T=| et wyevn . o9
If we set:
z 4y
p=2VY =g (110)
we can decompose J into:
32 (= °° dz
_22 e =
J= Vﬂjo e dtjolnzjz(z) .
7 @ az
According to Ref. 4, we can write:
® d
["ma.0F =t +ye +2102)
=i(ln4—|— 1—e,), (112)
j (113)
—*1n (284 j —*In (4
L e~ 1n( e*In ( u) \/
YT+ 4= — e, (114)
and, therefore:
J=4(n441—¢,). (115)

Finally, substituting this result in (106) and (107)
and considering that term 1/£2,.In e, F(}, 2, — &) is
negligible for large values of &;, we then have:

=£2— [n €, — (1+1n 4 —eg)]. (116)

APPENDIX 3.

Computation of the difference A,(7,)
absorption according to the 1/v law.
From Eq. (58) we find that, if x tends to infinity:

— Aa(B), for
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~ 4kT Z.(7,) /8kT\?! 1\? 1
9_ o+ a\"th/ { ¥™2 - = e ~ T il
Vo' = £X, (mn) z}""_v“‘<'1_!_4c> —vt"<1+80>’ (127)
P ~ dE (e and, finally:
| "o S (gt Bz |
i 20 0 Aa(Tep) — Ay (Br) = 5o 128
x lim e (117) () = Aalf) = g5 (128)
or else: LIST OF SYMBOLS
® 4E B =bucklin ’
%, Eyon — buckling
=~ 2[1 1 E ' lim _Li_&_ ] c==£2 [ moderating coefficient
i TP g(x) D =diffusion coefficient
® E =energy
' J g(», Eyv dE £, =0.57721, Euler’s constant
— 4&T 1 <%‘> lim =%———. (118) I,=modified Bessel function of order »
m C\TIM ) s (%) J,=Bessel’s function of order »
We shall assume that: k =Boltzmann’s constant
l=mean life of the neutrons in an infinite
n g% E) 1 BT (119) medium with 1/ absorption
e qx) (KT ) L =diffusion length of thermal neutrons
Thus we obtain relationships: f’:ZIIEZS: r;t:’?l gsl;gr}:
~  4kT" M =migration length
Ul = " (120) n =neutron density
N =number of atoms per cm®
® (%, E) dE g =neutron flux
: o 7% Y am \* Q = source intensity
xlfjo 7(%) =\8kT’ (121) T =absolute moderator temperature
. Ig = velocity it
==mean velocity
" Jo 9%, EyvdE gk T"\} 7, = mean thermal velocity
x_ir:o q(x) =\ " 8m (122) % =broken-line travel
e=E[kT
and, therefore, ¢ =total neutron flux
4kT" 1 3k T} Ay=transport mean free path
~, 4kT’ m ¢ m ( A, = absorption mean free path
V" =" == (123) o(E — E') =differential scattering cross-section, for

1 4
1——(T/T)}

1
Neglecting the terms of the order of 5 We can write:

3 1
T = T[l —-4—5(T'/T)” + z (T/T’)*:I (124)
and also, ignoring the terms of order (" — T)/c, we
have:
, 1
T —T<H'LE>' (125)
For 7,, we obtain:
5= | L 1 YK 126
Vo= | i \1 T4 (126)

or else:

neutrons scattered from E, E +dE to E,
E'+dFE’
X, = scattering cross-section
2, = absorption cross-section
&=mean logarithmic energy loss per collision
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