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1.1

Chapter 11

FAST NEUTRON CHAIR REACTION

| Possibility of a Fast Neutron Chain Reaction. as
» Yathemstical Theor,
£
The use of a fast

J
jses and to release large amoun

ne i £
eutron chain Teaction to Produce larze neutre;
n

ts of enerzy in a shert time hag many

asting applications. The feasibility of such reactions can best
ed ty considering the diffusion eguation first discussed in
ion 9.3, While the mean free path of the neutrons is comparable
the dimensions of fissionable material used and thus limits the validity
ealeulation, nevertheless the analyeis will show what guantities are
ant and will suzgest their orders of maznitude.

The neutron density at any point will vary with time as a result

sion of the neutrons, and also becsuse of absorptien of neutrons

, and the production of new neutrons by fissiom, The 2

tial eguetion for describing this variation is

"

= “Pe T MEKE
5 5 :
These quantities have all been



1,2

[ is the cross section for Scatteri
_r' LE and Ru the concentratioy

‘tha main constituent of the reacting materia),

i = g-f FE“ (w=1) = (other Processes which usa Up neutrons)

(11.4)

o the cross section for fission andp is the number of new

7 is
rons released per fission,

We will assume a sphere of radius R and investizate the sclution
subject to the followine boundary conditions:

¥ (r,0) =¥,

»

n.ﬂ.ﬂ_{.ay-o'
dr

=R, This second equation provides for continuity in the neutron cur-
b at the surface of the sphere, a s related to the rate at which nem—
deave the surface per unit aree per unit concentration.

: A - )
Conveniently, the solution of this problem is ziven in Byerly (



If the concentration of Reutrong ig g 5
intreage with ¢
Be, the

5-,..;:1':'" pllat of the time in one of the expomengsaye st bs posits
B 5 Ve,

Thus,

' llest root of (11,

1,1 the sma (11.6), a chain reactiey i1l proceeq yhep
o 2 %)\ (11.7)

Before we can determine x o ¥We must Tind the value of a,
" PE-L I :
‘Solving equation 10,46 for { D '?.';‘. er R

sl (1-p)
2 (Tp)
whare P is the fraction of neutrons reflacted back,

From the previous definitions

=
tan x,

© have mesuned in this discus

18 the gamg and that the cross e

v



1.4

ey bility of a Fast leutso (s)

11,2 Possi 1 Chain Reaction, g

2= . almlatinns for 11
235

Yow let us examine the expression f
or tha critical p
adius oxpressea

45 térms of neasurable physical constants,

R, = o

(11.10)

[+
O T

Obyicusly, we want X, to be as small as Possible and all ghe other

quan-
'§i%ies to be as large as possible., The value of X, can be decreaged ty the

uge of a tamper which will reflect as Gany neutrons as possible, To increase
:’.u the material should be pure uranium 275, At is taken as 2.3 and assumed
0 be the same for all fissionable material. The value of 0 g for fast
neutrons probably does not vary as much for various nucleii as does £
However, when T ¢ is large, o= will 2lso be laree for the following

feason, As far as the diffusion egquation is concerned . is the sum of
‘211 processes which scatter neutrons including fission, In the latter

eaes, althoush cne neutron disappears and A new neutrons are actually
Produced, we regard it as consisting of the scatterins of one neutron

‘{1‘1" the production of 4 - 1 now ones,
The ideml material for producing e chain reaction s one in which 3




%. punning, Pegram, Fink and Fitchell, Phys. Rey 48, 58 e
e t = 935

.
‘?’Mﬁsiﬂﬂ of a neutron after capture ig far more 1jig;

¥ than a radiative
3 implified their meagurs
transition ()s =ments, J s Showed a p

| egular in-

B
£ () Zothe, Rev. lMod. Phys, 8, 160 (1937)

-—

orease proportional to A%/% ang would be about 6 x 10722 gop uraniue® -
and plutonium, In U235 £igsion replaces neutron emission ag the main pro-

cess but, as mentioned above, this does not chanze the effective a

The avernce enerzy of the neutrons being considered is of the order

of 1 Mev and for them (T is not simply the | B2 mentioned in section 7,3

‘becanse their effective wave lengths are of the crder A ~10"12 op which
'%_‘]':-nnmpa.mble with the nuclear radius R as determined by A particle
BoAttering, Rabi () hes shown that the measured cross section may be

‘Several times larger than T RZ, which fact accounts for the largs value

858 (1932) -

‘Seattering eross section for uazs- :
ey <

lons of heavy non-fissioning



ted by inelastic croeg section effectg the mosg 1 11,6
1 8% 1ikoly ona ey
ng

in those nuclel which will fiesion wi
th thernal pey
trong,

T
ed in section B,6, his was

Inaccuracies in the values of o

an
¢ and ""_a chanse gur eetimate

the critical mass seriously becanse of the rapig Chanss §
= 2 1n mags with

it th's deseription (12,32
‘miu. Smv ption ( ) of the extensive fast neutron eross
‘gection measurements at Los Alamos emphasize the importance of r——

gections, The calculation presented hers should be considered as tentative

in as much as in a report to the National Academy in November 1941 (Smyth 4,99)

the eritical mass could only be fixed as between 2 and 220 1bs. mainly on
account of the uncertainties in the cross sections,
In the following calculations }J is taken as 2,3 neutrons per fig-

‘sion and
' Ny=pPla = lgzmcm’“axﬁxloasatggljgm)i
M 235 zn (zm mol)—

= = 4,8 x 10% em em

%\ﬂl the neutrons reaching the surfece escape, the reflection cceffici



p 28 pounds of U5, The mean £ ¥
= B free path ia given WA= 1

for U255, 1t 1s 3.4 cn. This value 14 &y
Quite comparablo wisy r.l-uau
critical

L. f the diff )

Sise and hence our use o usdon theory might

x lezd to conside
rable

If we compare the sclution for the on
e dimensiona)
randon walk

w( ) with the diffusion egquetion sclutig
3 T 1% appears that
the pro-

mability of escepe is larger than that calenlated for diffusion, Thy
i . ]
1 consideration indicates that replacing the diffusion theory eal
‘ stzole cu-
Jetion by a more accurate statistical treatment of the neutron paths would

give a glightly larger estimato of the critical radius,

{ ) B. Chandrasekhar, Rev. Mod, Phys. 15, 1 (1943)

11,3 BEffect of a Tamper
By the use of a tamper the critical size may be somewhat reduced.
& valus for the reflection coefficient can be found by solying the differ—

ential eguation for two concentric sphorical media, the inner sphore of

%5 ith the values of K and D discussed above, the second W;

| Samper with about the samo yalue of D but with E "'ﬂi.i'_'f

g it consists of empty SpPRCcE.
‘worth while =t this point so s value for the

ﬁ."-tlua:l very crudely.



material B
Ve assume tentatively that ghig 18 of the game T v 3.4 em,
orde

T 28 the radiyg
Then consider neutrong leaving ¢

larly as shown in Figure 11,1,

e fissionable material,
ke core pore
; On the averasze thege TEutrons will
"g'(‘sr' a collision at a distance from the surface of the sphere, whereupon

| they will De scattered in all direetions, The mean probability of being

‘soattered into the solid ansle subtended by the core is o

Qﬂ' » Whers
SR 1 - d n =
% L1 CO8 G), an (sixe)

1

—2 _ . Therefore,p is Toushly

B R¥A
given by ———-
R
- p-dl-Jlu WU
& F A2 (11.11)

L :
‘This estimste neglects all multiple geattering processes. ﬁcwaver'th‘éqa

=
\effscts tond to compensate sinece the neutrons which aventually return to

Te after sevaral scatterings wonld inerease the scattering coefficlent

utrons which are scattered into the solid u__gla, w) may be
it before reecntering the core, and this would decre
neutrons do not leave the surface of the core
is complication does not change the order

Ticient and it is neglected here.

For the preliminary eritical

ent ¢ 4s 0,10, The new critical



1.9

- gsing vemerks in the Smyth report (6,39), mne theeretical
“Oretical studies of

wimer Serber and Tell o
ey, Oppenky v DeT a eller indicateq that the ener
ene =7 relauau in

L tron chain reaction could be mad
 fast new *d€ greater than thag
£ L estimated in

tre third roport of the National Academy,

It wae indicated there (Smyth .
'f‘;gg)) ghat between 1 and 5 percent of the fission energy should be roleased
st A fission explosion.
4 war department rolease stated that a typieal fission explosion

eontained the explos ive equivelent of about 20,000 tons of T.5H.T. Tha
gigsdon of B pounds of U0 yin produce this amount of enerzy, If the
chain reaction has an efficlency of between 10 and 30 percent the total
mass of U225 1ias botween 24 and 80 pounds, It thus appears that sub-
stantially mora than the critical amount of material was used in these
explosions,

12 the U225 ig not pure, the critical radius will be somewhat larscr

in virtue of the decrease in ¥ for two reasons:

or U928 y¢ about one £ifth that of UZSD, and neutron absar

.




ak stimate of t
Wa now MARKC 2 mn =} he rate at which
the reutron den
sity

up in A spherical nass of fissionabla =
terinl which is
larger

aznwiﬂ
m the ariticel size. From equation (11,5) the time AR
or ths

on density ° incrensa by A factor @ = 2,718 is

?ﬂl'f

T = 1 =2
2
i Ix, "\ (11,12)
- 22 Ra L(__) -1
Tf we et R = Bc } O ®, with AR & R,, then
m= RC = -9
T = 1,7x 107" 3c gec
Zrazr 2= (ca) " (11.13)

gines 1 for 1 hev neutrons in U235, X 1s of the order of 3 x 10% sec i,
11,4 Production of Controlled Neutren Pulses

if a lerge controlled pulse of neutrons
each of which is

a time comparable
ok

For experimental purposes,

s @esired, it can be cbtained by combining several parts,

P
. smeller than the criticsl size, and digagserbling them in

th the time for the nentron density to double.

As the neutron density builds up iy will

ow the matorial apart. This pressure at the surface

 principal contritutions, the gamma radistion And :.
of the betn raye and fission products i€ 80 M“
: 4 and tha eneT&Y

Wave ot » velocity smell in compariso .
Wo can make a crude gstipate BS



1.a
Mw is orudely given by
=

P=% NUE

E ds the neutron energy. This places an uppay linit on the pressurs
!

_the neutrons are not reflected at the boundary as in a €A% but travel
1 om inte the tamper before undergoing a collision,

Let us suppose that the tamper will withstand a pressure Seive

of short duration of 104 atmospheres. Then wa can tolerate & neutron

sity of 1016 per cma. If the original neutron density were of the order

| per uus, the density would have to increase by a factor of 37 in ordor

rench a donsity of 1016 per cms. The total time requirsd is

T* = 10g.10%6 x 1,7 x 10°° Re - Zxl7x10° B s
e AR AR

R is of the order of 1000, the time becomes about 5 x 1072 sec,

&R

‘mﬁrnllad neutron pulses are to be produced, s mechanicel motion of
e

t be achieved within this time or tha reacting material could

i he movis
radius is exceeded by 0,15, The velocity required of t oving

Brice inversely as the square of the fraction by which the eri



1
e thet ° ong Mev GAITA IRy 14 given BHE Foe Geite seniiie The
gemntu® of the. gamma TAY 16 YOurhly V/50 that of the mentron of‘tha same
gporay 8° their contribution to the prossurs is of secondary importance
The £AZ" radintion, howerser, ronches the tamper material first so it ﬂ:\?

B of jgportance ir. a drtriled calculation,

In the discvasions in this chapter it 1s assumed that the neutrons
aro esittod instantaneously during a fission, It is alsc possibls to con-
gtruct AESC zblies which arc overcritical for dalayed neutrons but under—
Sriticsl for fast noutrons. Hence the time constant is considsrably longer.
Sayth (12.45) goscrives experimonts of this zeneral type which were por--
fornad at Los Alrmos.

11,6 Produstion of Single Pulsos with Haximum Fumber of Feutrons

rinl 15 over critical and is nok intentionally dis-~
mssombled, the reaction will continue until tho material is mmmd;.‘
ronction or the material is blown
a "pnimiﬁ? oy

If the mate

fhl.lfn. products "poison" the
contomst to wiles, there is probably 1ittl
BRaducts sinco their most 1ikely reaction with fast
mther than absorption, 17 the critieal radius has
Bemnt A 3 and we further aseuse thet there 8 a0
'*‘W of thi neutrons by the fission B

until the sgncontration of T



u.ls

10
be about 107 atmospheres, f :
: N A gun barrel a Pressure of

1M

is considored to be a limiy
atmospheTes of pressure ithout damage,

pressures of A billion atmospheras are to pe developed extremoly shorg
J " ‘

Bifimes for tuilding up the neutron density aro reguired in order that fnertin

ﬁ,, be used to effectively hold the material together, The 48 vequired

for the noutTon pressure to build up from 104 ¢o 1010 atmospherss s 1.7 x

m—? 0 x (2.3 log 106) or about 2 x 1078 _Re., 1077 ! o ‘got s ddmrar
AR AR “ga— ;

tha order of magritudes involved let us assume that the tamper is 4 om

thick and composed of a dense material., The tims required to move it

‘through a distance A R under the influence of a static pressure P is

‘approximately
e J BORE
P

R

‘vhere {2 is the density of the tamper.

10-7 g 07 var
: AR

°F & R s approximately 1 em., In other words, the
B axonodag by 20%, and thus the total mass incre!

wf" Assenbly of Reacting Material

We st now consider methods by which
t into this over critical stato in & ®
-Wt«ron density to build up to &
malky B rough eetimita of the


Alex Wellerstein
Note
All material after this point was censored in the published version of the book.


11,14
. W“' The time required for the neutron Attty ik A
g rease from,

2 16
to 10'6 neutrons eo® i¢ by the applicati e
eplication of equation

goutron B
% 3% 107 sec. Actuslly we can tolurate & time of assembly some-
jarger than this for in the early stages when R is small, the neutron
sity tullds up more slowly, As Smyth (12,20) sussests there Bay ba some
fn introducing some material which will abserb neutrons during
‘garly stngos of assembly but which will be consumed by the time the

ioal radins has beon exceeded by the maximum amount. In any event
appears that the meximm lensth of time allowed for over criticsl assembly
ot o mado of the ordor of ton microseconds, To move a distanca of Len

this time will reouiras a volocity of 10° en por second and this is about

maximin volocity which can be mohioved using stendard ordnance practice, :
Phore is snother principle by which the btuilding up of the: .
¥ uring assextly can be delayed, The neutron density can be
£ than the initial valae of 1 neutronfen® vhich vas assussd 18
Tho limit is set by gosmic TA¥S which ¢ :

a density of 1 _'*
H

Ous paragraph,
tharmal noutron per oz per second or

per oz, Lot us introduce some Be coversd by a thin :



d aro not

utron shiel attractive inag
5o no much g ne Tterialg

1y 1nrge cross section for fast n P

“ubrons ape Available

and g
times reguired for moving sn object initiany ! SeRr

"t Yot through  fixeq

se are much larger than that required for a1 obie

m < Ject whiey has = Iap
8c

wa velocity. A neutron shield can be most £a51ly construct, 4z
ed from

saterial of lov atomic number which will auickly reduce the ensrzy of
. =¥ of the

ons in the elestic collisions and hence decrease their ability to pro-
duce fission or render thom ensily capturad by an added impurity,

There is a third mothod of bringing the system into the ovar—
eritieal condition in which tho tanper and U235 core of fixed mass are
compressed so as to lncrease its density. We will show that the critical

radius decromses much more rapidly than the actusl redius so that s

AL
eotpression, starting with a lump that is slishtly un&sreﬁ&iaﬂsd!w "

dBritical rndiue varios with the donsity of the GEooiac NN

Bt & we travel alons the dotted compression
At the point ® the critical state has &

A largs rolease of neutrons or enarsy -

By 2 significant amount,

Inercasing the doneity of



11.18
The material can be brousht into the

‘ OVer critical condition by
et of & spherically symmotric implosion, tug the Practicability deponds
e whether sufficiently hich pressurag cen bao daveloped rapidly enough

,M goc) to overcome the elastic forces ang inortia of the core apg S
for, A pressure of the order of 106 Atmospheres is requirad, This ia

abeut two hundred times the pressure ﬂEVﬁiUPﬂd in the comtustion of slow
turning povder in lrrze suns. By the usg of fAst turning power the re-
puirad pregsures can concelvably be developed, It is boyond the scope of
‘thie book to discuss these ordnsnce problems in more det=il, The problem

of developing n spherically symmetric implosion ir an extremely short time
is n formidablec ona., If during the implosion the core of the assembly ig
distortod vory much from a sphore the efficiency of the reactions will be
reduced and A self sustaining reaction mght not sven ocetir, It might ba
dssiradlo to start with an slongated unit which will become spherieal ﬁi&""_

: ARy
18z nn agyszotrical inplosion. i




11,17

Tamper Haterial
t charncteristic of the tarmper is that it
Tho inertial effact is important in

] gholce of
The most {importan

n

possibla donsity.

have thie highest
As tho fast noutron seattoring cro

h

sontaind

ng the oxplosion.
pe ntomic number is aboutb the sams,

of nntorials of 1T
erinl of highest densitys

will be smmllost in the mat
ghort meRn free prth incroascs the refleoction vy
neutTon ef{;ctivnnoas by roturning the neutron
of the sane density. the one having the 1arger
the implosion LYPP of megemblys
¢ too thick for b8 '

of mnking =n offective 1@“"*@@!‘4
slderstions, the most 1ikel¥ tamper TAteriais
antngd that it b

praforred for

the bemper ghould not ©

the difficulty

ursniun, Uranium has the 2dv
and larzer c

vho tanper i

higher atonic rurber “‘Pﬁ”ﬂi
any fissions which pceur in

onergy rolansed in the yenctions





