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SLOWING DOWN M~D DIFFUSION OF NEUTRONS 

Neutrons drop from 3 - 5 Mev (vel. 2 x 104 km/seq) to thermal 

energies (vel. 2 km/sec) primarily by losing their KE iri elastic 

collisions with stationary nuclei~ 

Two exceptions are the cases of 1.) very fast neutrons, 2.) 
/ 

very low energy neutrons. The very fast may effect an inelastic 

collision) "nth consequent ~earrangement of the nucleus., emitting g 

~-ray. This case allows for much more rapid energy loss, but it is 

important only in heavy el~ents, Again, at -v"cry low energies)) the 

neutron does not have enougn KE to free an atQm from the chemical 

bonds holding it to its.neighbors, so that the neutron effectively 

rebounds off ~ the Whole crystal; this effect occurs fram 1~2 volts 

on dov>m in graphiteo 

In the equilibrium state, neutrons have approximately equal 

probability of gaining energy from or losing energy to lattice. 
, 

Since low energy neutrons are absorbed very rapidly, the Ma.xwell 

distribution of energies expected in the equilibrium state distorted, 

so that neutron temperature is greater than the lattice temperature. 
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SLOWING DOWN AND DIFFUSION OF NEUTRONS 

Neutrons drop from 3 - 5 Mev (vel. 2 x 104 km/seq) to therm.al 

energies (vel. 2 km/sec) primarily by losing their KE iri elastic 

collisions with st.ationary nuclei.~ 

Two exceptions .are the cases of 1.) very fast neutrons, 2.) 

very low energy neutrons. The very fast may effect an inelastic 

collision) lnth consequent 7'earrangement of the nucleus., emitting 8, 

'iJ"-ray. This case allows for much more rapid energy loss, but it is 

important only in heavy el~ents, Again, at -very low energies" the 

neutron does not have enough. KE to free an atom from the chemical 

bonds holding it to its,neighbors, so that the neutron effectively 

rebounds off d the Whole crystal; this effect occurs from. 1:2 volts 

on down in graphite. 

In the equilibrium state:) neutrons have approximately equal 

probability of gaining energy from or losing energy to lattice. 

Since low energy neutrons are absorbed very rapidly, the M~rell 

distribution of energies expected in the equilibrium state is distorted, 

so that neutron temperature is greater than the lattice temperature •. 
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LOSS OF ENERGY IN ELASTIC' COLLISIONS WITll'ATOMs 

1. Collision with hydrogen - mass equal to neutron mass 

Considering the proton to be stationary and the neutron to 

have a velocity of ~J assume: 

proton at rest 

n pTot¢~ 
crt 1'e;.t 

L) Conservation of momentum: :y -I- ~ = .!! 

mf/~ 
2.) Conservation of KE: mv2 ... mu2 _ ma2 

2 :2 - 2 

c 9- must be a right angle' and vectors 

will slide on a circle, but n will 

never, bounce back. 

Here the ndninlUffi final KE of the neutron occurs when the neutron is 

stopped, wherea.s it has a maximum energy equal to the initial energy.' 

All energies are equally likely since in the center of mass 

system all directions of recoiY are equally likely. (In the c. of m. 

system mv = 0; therefore, only rotation is possible. Here the n may 

go backward after a collision.) Then the chance to fUld any recoil 

energy may be ShOWll, as in adjacent the chance of 

a neutron with an energy at £ is given by peE). 

(arithmetical) average energy loss is Eolz. 

1'((1. . J . Angular distribution in proton collision. 

o £0 U"'\ 
\ r-~/~e::. e>f W\. 

'-'-:/ j -8". If the energy values the neutron has after successive 

collisio11s are plotted, the the values of the KE at 

thermal energies will be crowded together ,~y-:-\('''y~:tlt1lt 
err '~E 
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10SS OF ENERGY IN ELASTIC' COLLISIONS WITH, ATOMS, 

1. Collision with hydrogen - mass equal to neutron mass 

Considering the proton to be stationary and the neutron to 

have a velocity of ~, assu~e: 

proton at rest L) Conservation of momentu.'1l: :y + .]. = ~ 

m~~ 
2.) Conservation of KE: mv2 + mu2 _ ma2 

22- 2 

&- must be a right angle and vectors 

will slide on a circle, but n will 

never, bounce back. 

Here the minimum final KE of the neutron occurs when the neutron is 

stopped, whereas it has a ma.xi.rnum energy equal to the initial energy.' 

All energies are equally likely since in the center of mass 

system all directions of recoiY are equally likely. (In the c. of m. 

system mv = 0; therefore, only rotation possible. Here the n may 

go backward after a collision.) Then the chance to fllld any recoil 

energy may be shown, as in adjacent figure, where the chance of 

a neutron vdth an energy at E is given b3" peE). From the diagram, 

(arithmetical) average energy loss Eo/2. 

Mf)II-----
'---:::--_=,,",""--J _ 
o to 

Angular distribution in proton collision. 

If the energy values that the neutron has after successive 

collisions are plotted, the resQlt that the values of the KE at 

thermal energies will be crowded closely together 
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since the neutron loses 1/2 of its energy each collision, on the average •. 

It is much more convenient, therefore, to use a logarithmic scale. 

The average logarithmic energy loss per collision,) , is 

defined by: 

) =. 
--'-
Jl~ fp : 

t 
I e: E. 

tJ .J elf: 
() ..,.x..., £-

f~df 
" 

2. Collision with a heavy atom, mass A: 

:. for hydrogen 

1ab system 

Mass 1 mass A, at rest 
" , e 

_ I!J: + A5 
Position of c. of rn. = p:; - I 

. .1 t-

i- Vel. of c. of m. = v.. :. f .: ~ 
I T A 

.Q. of M. Syst&B! 

before collision 
----'> 1'-( ---

after collision ~;~ .:~------- t.~~-----
~.I~;; e.. 

From ·.;,onservation 

From conservation 

::t.o.L v 
!,' 

of momen-~um., Vg = Au - -g 
of energy, v 2 + u 2 A .,. -g -g 

from which Vg = a--A 
. A -+ 1 

where v = 1 ~ _ ve. of lii!1iti e'lls 

and subscripts refer to c.of 

m. system. 

(A + lJ..) V2 = a2 

Hence the range of velocities of the neutron after collision include a 

. . V Ar" _ a A-i ,-A ~ ~ 
Ill.l.nllD.UIn, (".1"":::' - - "" - - -._ ::- _ * ;:;;.. 

. A ..... /t .. , .40+, , T A 

and a ma.x:imum., IV":: V «/> ~ a :.. a. 
'++-, 

Thus again, if all directions in the c. of m. system are equa.1.ly 

probable, (this is not trtle for very fast neutrons) --
t :: ..fl-, E. 
;; ...;.Q. 

t: 
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since the neutron loses 1/2 of its energy each collision, on the average •. 

It is much more convenient, therefore, to use a logarithmic scale. 

The average logarithmic energy loss per collision,) , is 

defined by: 

for hydrogen 

2. Collision with a heavy atom, mass A: 

,lrab system 

Mass 1 mass A, at rest 
.;, ) 1ft 

1l:J: t A5 
Position of c. of m. = f =: - I TIT. 

§. Vel. of c. of m. = v.. :!. f:: .s:: 
I + A. 

..Q ~ of M. systelI! 

before collision 
-----':;(f-----

after collision 

From ~onservation 

From conservation 

of momen·~um, Vg = Au ...... -g 

of energy v 2 + u 2 A ~ '-g -g 

frQ~ which Vg = a A 
. A .+ 1 

.m:ini.mum, I"'.r:;. V - ~ a.. ~ -=-
, .~ .... , lUI 

and a maximum, AI'"' ~ V -I> ~ it. :- a 
k+t 

~ 
where X = vel. of RHeletiB 

and subscripts refer to c •. of 

m. system~ 

'rhus again, if all directions in the c. of m. system .are equally 

probable~ (this is not true for very fast neutrons) --
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5 = j)~£' 
)I'~r;'[ ~.f..J! c:/E' 
("""_~_'_-

1'·A)~f. 
\'M 0 

i:& 

~ 

[ -
(Eo dt 

~HJ1.F 
{tl". -'0 

70 -(; ;A~2. Ea [-.~ (-h)2£ 
I+-"'l '0 

-:. f- l!.::J) 1 ~ ,4 '1-1 
2 A- A-I 

I • 1 

or using the approximation 

J>JV'j t!:J Z'.! 
4--. - i10 ) , f. (:- =: 3.

,; A-

1- ~/r" -(~~tf. 

To obtain the angular di~tribution in the laboratory system'fram 

Figure I . 
"r (..A'4.€l :V ... ~ <...11"'9 

~~ c8I -::. ~ ~ f7 
giving t~ 6 ::' A- -:.... e· 

, ~ It- U!'I'4- 9-

I +-f1::::.. S-and cos e = . 
J... (, -+ A- t ;. ') 4 ....,.... 9) 1-

Hence the average value of the cos of the angle! of scattering is 

f 
"., 

- ~e d, 9-~®:: .. , " (~ ~ 

f '" 
"I 

cI (~6I) 

::: ~ -\f-. 
J4 /'It? 

, 2/ 
:: /3,... 

, 

SLOWING DOVYN (OR AGING) EQUATION (GOOD FROivi SOURCE TO THERMAL ENERGIES) 

Consider neutrons in a region where the density in space is 

uniform. Assume that every neutron with energy E has experienced the 

sams number of collisions, and that to reach this E a certain time must 

have elapsed since leaving th~ source. (Actually, a spread exists, and 

• 

:; = ))'-"'"1 £ 
1:.-

PMI . 
L ~ ] 

r-Ar"f, 1M 0 
e E! 70 

or using the approximation 

.9-'Y) ~ ;'.!. 
.f.-I: ",) 
f:- = 3.-
.; :A-

To obtain the angular di~tribution in the laboratory systt1'1l' from 

Figure I . 

-v-~ c8I ': ~ ~ er 
giving t~:a :' ~ -:... e· 

' ... iI-~&-

I +~S-
and cos S ::: ~ 

k. 
(, "'I' A- t 1- '2 "" ~ \9) 1. 

Hence the average value of the cos of the angle' of scattering is 

~e:: f,""~ $ d(~&) 

f '" 
~I 

cI(~S) 

= ~ - \f-l 
. ,,/ /'it 
= /:1,.. 

SLOWING DOWN (OR AGING) EQUATION (GOOD FROivt SOURCE TO THERMAL ENERGIES) 

Consider neutrons in a region where the density in apace is 

uniform. Assume that every neutron with energy E has experienced the 

same number of collisions, and that to reach this E a certain time must 

have elapsed since leaving the source. (Actually, a spread exists, and 
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if this process is to be treated as a continuous one there must be many 

collisions.) Then, if there}s a constant supply of neutrons, and if 

there is no absorption, the number of neutrons entering an energy range 
,~ 

A (In E) is equal to the number that leave per sec. 

Now the number in the range A. (In E) per Cin. 3 is 

I 
~~ 

neE) .A (In E)/cm3 = number entering/cm3 sec. x time to 
, crOBS range 

= q (E) x number of collisions to 
cross x time/collision 

= q{E) x A In_lli x 2:
f v 

where q(E) : slowing d01~densitz 

= number of neutrons/cm3 sec. entering a given log energy range 

From the last equa.tion we have, 

q(E) :: ~ neE) 1,- and Fick's law, will hold for it 0 

0·0 DAq = oq/ot, 

which is di.fficult to solve directly because D is a function of time 

[D = DCt) J 
Hence the sUbstitution 

D(E)dt :: d Z' is made, where 'C is (Fermi's) !lagel! and ,has 

the dimensions of length2• However, using the rela.tion on a pr6viouH page 

~'"(: ~Ar - . 
.3 

or, 

(1) 

.,dt" 
I-""""§ 

-:;. 

)... 
!:: £. -

1 ( I - Uto4. e) 
Jr; 

JAr I ____, r II ~ _____ 

J ,-~ 

d/kt) 
.... ~-~. 

", 

'£.1. ,dJ4.f" 
~---" 

Time required to 
cross range d (lnE) 
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if this process is to be treated as a continuous one there must be many 

collisions.} Then, if there}s a constant supply of neutrons, and if 

there is no absorption, the number of neutrons entering an energy range 
.~ 

.6. (In E) is equal to the number that leave per sec. 

Now the number in the range .4 (In E) per Cln. 3 is 

I 
A(I..,E} 

n(E) ..6 (In E)/cm3 = number entering/cm3 sec. x time to 
, cross range 

::: q (E) x number of collisions to 
cross x time/collision 

= q(E) x A In E x it r v 
\vhere q(E) : slowing d01~ densitz 

= number of neutrons/cm3 sec. entering a given log energy range 
. 
From the last equation we have. 

q(E) : ~n(E) L and Fick's law. will hold for it .. 
A . 

0·0 DAq::: <>q/-ot, 

which is difficult to solve directly because D is a .function of time 

Hence the substitution 

D(E)dt ::; d 'Z'is made, where 'C is (Fermi f s) Itage lt and .has 

the dimensions of length2• Howe'lfer $ using the relation on a previous page 

or, 

(1) 

I 

..... -, 
" . / 

L ,.1.. I cJ A F 
~~ 

Time required to 
cross range d (mE) 
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Integrating this equation with the boundary condition that initially 

c: = O~ \', if' 'i A 2{E') Y (E) :.:: .!1 (, _ <::ie) 
£ .. 

-""" A Z [IE 
3j f; '(~f") 

d(~f) 

J 

~~~ 
~.p ... -~ 
- - kl: - ( ~ I ~ J- -- .... !!.. ' , .> G.;) ] 

-'a ' 

~ , /, _IV ..(~ tV (.k-u..:~ 
J' 

Since, the distance the individual neutron travels -..1/iJ'/t one may relate t" 

to the displacement, 1.:, of the neutron from its initial position by 

using the 

THEORY OF THE RANDOM WALK 

~~H "- r'~ " j.;d=l C' ~ ':" . , l..,1V ,', 
1'\ !'.. f . 

.: _c. 

f = displa.cement of the neutron 
between any two successive 
collisions 

../it =(r P,t+2 £ p. ' p) ., J,/ *. J': Ii . '-) - .. , 
Butlr.~f:' r..)becomes zero for 'heavy elements, since here the distribution 

l~_ ~ . 
after collision is 1sotropic. Since the probability o~ making a 

collision at, the end of a displacementfis the produot: 

,probability of surviving a distance! ~ probability of making a 
- f/f . 

collision during distiUlce d f =- e 1'. d f I Ja 

from which we can obtain the average value of f 2. 

so that 

[~ 1 ,~ () ?: dr ~ .::2 ,( J 

[

00 -et' . 

o 

17.' 

e ~, drl$ 

':. L 'f' ' :: 
l £' 

~ :< i' [ 
£;, 

;t ~ 1 IV 

J [1'"1£) -,r - bL 

" 
-

.. 

Integrating this equation with the boundary condition that initially 

T(E} :.: 

~Ji .... -~ 
- -,L.I: - ( {kt I J nt}' • J-- -- ..... !!.. ~ . .> G',j 1 
. -t . 

~ ,LIV --(~ tV O>~ 
.J 

Since, the distance the individual neutron travels -.. '/iJ;' one may relate t' 

to the displacement, I, of the neutron from its initial position by 

using the 

THEORY OF THE RANDOM WALK 

f = displa.cement of the neutron 
between any two successive 
collisions 

..It ~ =( + 1:- t +:;) ~ t . a ) • f.-) _ ... 

Butlr.f:~.)becomes zero for heavy elements, since here the distribution 
l~. ~ . 

after collision is isotropiC. Since the probability o~ making a 

collision at. the end of a displacementfis the product: 

,probability of surviving a distance! .. probability of making a 

collision during dist;mce d f ~ e -1/1 .' d f / ;. 

from which we can obtain the average value of f 2. 
(t¥(,) , ,~ 

)(J f· e d j~ := '2 1; J 

[00 e -~ dr/A 
c 

so that 

--
- bL 

.r 
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