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The following notes are based on a set of five 
lectures given by R. Serber dur i ng the first two 
weeks of April 1943, as an "indoctr i nation course" 
in connection with t h e starting of the Los Alamos 
Pro j ect. The notes we re written up by E. U. Condon. 

1. Obj ect 

The object of the project is to produce a practical 
military weapon in the form of a bomb in which the energy is re• 
leased by a fast neutron chain reaction l n one or more of the 
materials known to show nuclear fission. 

2. Energy of Fi ssion Process 

The direct energy r elease in the fission process is 
of7 the order of 170 MEV per atom. This is considerably more than 
10 times the heat of reaction per atpm i n ordi nary combustion pro-
cesses ·. 

This is 
Since the weight of 1 
energy releas e is · 

The energy rel eas e in 
Henc·c 

170•106•4~s·10-l0/300::::2,7•10-4 erg/nucleus. 
nucleus of 25 is 3.88•10-22 gram/nucleus the 

?~1017 er g/gram , 
TNT is 4•1010 erg/gram or 3.6•1016 erg/ton. 

1 kg of 25 -:::::. 20000 tons of TNT / 

3. Fast Neu~.~ Chain Reaction 

Release of this ener gy in a largo scale way is a 
possibility because of the fact tha t in each fission process, which 
requires a neutron to produce it, two n eutrons are rel eas ed. Con­
sider a very great mass of act i v e ma t erial, s o gr eat that no neutrons 
are lost through the · surface and assume the mat er i al so pure that 

·no neutrons are lost in other ways than by fission. One n eutron 
rele ased in the wass would b ecome 2 aft ~r the first fission, each 
of these would produc e 2 aft er they e ach had produc ed fission so 
in the nth gen erati on of n eutrons th0r e would be 2n neut'rons avail-
a bl e . 

Sinc e in 1 kg. of 25 th8r e are 5°1025 nucl ei it would 
require about n ::::' 80 generations ( 280 ~ 5•1025 ) to fish the whole 
kilogram .. 

Vvbil e· this is going on the e; n 0rgy r e lease is making 
·-.. the mat erial v ery hot, developing gr eat pressur e and h ence tend­

ing to caus e an exposion. 
In an actual f J-.ril..1'e •• ~ 0 t11~,. s.ome n eu trans are lost by 

diffusion out through the s 1'.rtfac%e .: Tho1'c : iitill be th erefore .... a certain 
size of ~!:cu'a.en~~Jt.Qm•t~n<i~cH~~ ;~h.q. s.vr{~.c~:-1 os s Gs of r;cutrons are 

f 
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just sufficient to stop the chain r eaction. This radius depends 
on the density. As the reaction proceeds the material tends to 
expand, incr Efasing the r equired minimum size faster than the actual 
size increases. 

The whole question of whether an effective ex~osion 
is made depends on whether the r eaction is stopped by this tendency 
before an appreciable fraction of the active material has fished. 

Note that the energy r eleased per fission is large 
compared to the total binding energy of the electrons in any atom. 
In cons equence ev en if but ~~ of the availabl e energy is r e leased 
the material is v ery highly ioniz ed and the t cmp 6rature is raised 
to the orde r of 40·106 degr ees. If 1% is r e l eas ed th e mean speed 
of the nuclear particles is of the order of 108 cm/sec. Expansion 
of a f ew c entimet ers will stop tho r 0action, so the whol e reaction 
must occur in about 5•10-8 sec otherwis e tho material will have 
blown out enough to stop it. 

Now th e speed of a 1 I.IE.V n eutron is about I•4•l0gcni/s1ec 
and tho moan fr ee path b e tween fissions is about 13 · cm so the mean 
time b e twe en fissi~ns is about )o-8 soc. Sinc e 6hly · the '. last 
few generationE! __ will r ol Gns e enough en ergy to produc e much expan­
sion, it is just possibl e for the r ea ction to occur to an inter p st­
ing ext ent b efor e it is stopped by the spr0adi ng of tho active 
mat erial. 

Slow n eutrons cannot play an es s ential role in an 
explos ion proc ess sinc e they r equir e about a micros econd to be 
slowed d own in hydrogonic mat erials 8.nd the exp1'osion is s.11 over 
b efor e t hey ar o slowe d down. 

4. Fission Cross-s ections 

The ma t erials i n qu estion a r e U~~ 5:::25, . U~~8 =28 and 
cl ement 94239::::. 4 9 nnd s omc othc;rs of l oss er t nt c r c s t. 

Ordinnry ur~nium ns i t occurs in n a tur e contains about 
1/140 of 25, the r est b eing 2 8 cxc op t for a v ery small amount of 24. 

The nu cl ear cross-s ection f or fission of the two kinds 
·of U and of 49 is sh own roughly in Fi g . 1 wher 0 Of is plotte d 
against the log of the incident neutr on's en er gy. We s oe that 25 
h a.s a cross- section of about Of ~~ l. 5 ·10- 24 om2 for n eutron energi e s 
exc ee di ng 0.5 MEV and ri ses t o much high er value s at low n eutron en­
ergi e s ( vf = 640·10-24 crn2 for th0rmal n uu tran s) • For 28 how8v er n 
th1, e shold on 0r gy of 1 MEV occurs b c: J. ow which Of :::: 0. Above the 
t hr eshold Of. is fai rly c on s t an t nnd equ a l to 0.7·lo-24 cm2. 

(Fig . 1 on noxt page ) 
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5. Neutron Spectrum 

' ln Fig. 2 is shown the energy distribution of tho 
neutrons rel eas ed in thG fission proc ess. Tho moan energy is about 
2 EEV but r'~n O.pprecia·de r:r c.ct i c;::-i of tho noutr :Jns r el eased h ave l e ss 
than 1 MEV of' oncr gy and so a.r e unable to produc e fission in 28. 

On0 c nn give c. quit e s atisf r. ctory int erpr e t c t i on of 
the en er gy distribution in Fig . 2 by supposing it to r esult f'rom 
evRpor :;.tion of n eutrons from the fission product nuclei with a t em­
p t:.. r nture of about J MEV. Such a l'llaxw elli nn velocity distribution 
is to be r el a tive to t he movi ng fiss ion product nucl e i givi ng r is e 
to a curv e like Fig . 2. 

(Fig. 2 on next p2ge ) 
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neutron en ergy in Iv!EV 

6. Neutron number 

The avcrng0 number of noutron~ produced per 
is denoted by J . It is not known whether V has the same 
fis-sion processes in different materials, induced by fast 
neutrons o'f .o.ccurring spontaneously. 

The best value nt present is 
\)=: 2.2 ± 0.2 

fission 
ve.luo for 
or slow 

al though a. val uc V-== 3 has be en reported for spontaneous fission . 

When neutrons arc in uranium they are also caused to 
disappear by another proc ess repres ent ed by the equntion 

28 + n -7 29 + ·JA 
The r esulting element 29 undergo es two successive ~ transformations 
into elements 39 and 49. The occurrence of this proc ess in 28 acts 
to consume n eutrons and wo~ks against tho possibility of a fast 
neutron chain reaction in ffi[l_tcrial containing 28. 

It is this s eri es or reactions, occurring in a slow 
n eutron fission pile, which i~ «}c•:l>as~~ : l()f• .n proj ect for large 
scal e pPod!..1 c tion. ~"1o!!!i>ihbnh. rit ~£1~ .: : .: : •. 

• n eHectlf'O . Hn• • • • • • • • 
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Ordinary U, containing only 1/140 of 25, i~ safe 
against a fast neutron chain because, (a) only 3/4 of th~ neutrons 
from a fission have energies above the threshold of 28, (b) only 
t of tho neutrons escape being slowed below 1 MEV, the 28 threshold 
before they mnke a fission~ 
So the effective neutron multiplication number in 28 is v <::::( 3/4 x 1/4 x 2.2 :::::: 0.4 
Evidently a value greater than 1 is n eeded for a chain reaction. 
Hence u contribution of at le~st 0.6 is needed from the fissionability 
of the 25 constituent. One can estimnte that the fraction of 25 
must be increased at lc::Ls t 10-fold to make an explosi vo reaction 
possible. 

9. Material 49 

As mentioned nbove this material is prepared from 
the neutron capture reaction in 28. So fnr only microgram quantities 
have been produced so bulk physical properties of this element are 
not known. Also its v value has not been measured. Its <Jf has. 
been mensured nnd found to be about twice that of 25 over the whole 
energy range. It is strongly ')(-radioactive with o. half-life of 
about 20000 years. 

Since there is every reason to expect its V to be 
close to that for U and since it is fissionable with slow neutrons 
it is expected to be suitable for our problem and another project 
is going forward with plnns to produce it for us in kilogram quan­
tities. 

Further study of all its properties has an important 
place on our program as rnpidly as suit~ble quantities become 
&VO.ilo.blo. 

10. Simplest Estimate of Minimum Size of Bomb 

Let us consider l'. homogeneous mc.tcrio.l in which tho 
neutron number is ~ ~nd tbc mean-time between fissions is / • In 
Sec. 3 we cstimrted T=- - . · lo-8scc. for uranium. Thon if N is the 
number of neutrons in unit volume we he.vu 

N + a.iv j - v;' 1'l 
The term on the right is the net rnte of generation of neutrons in 
unit volume. The first term on the left is the rate of increase 
of neutron demsi ty. In the second term on tho left j is the net 
diffusion current stream of the neutrons (net number of neutrons 
crossing 1 cm2 in 1 sec across a plnne oriented in such a way that 
this net number is maximum). 

~ In o~dinary diffusion theory (which is valid only 
when ·nll dimensions of boundQries arc large compored to the me~n 
free po. th of the diffusing p~tJ.~J.~~ -. o. •• c~di ti on not fulfilled 
in our case) the diffusion c~1'ro:iltas ~rbpt>:rtional tOthe gro.diont . . .. . . .,, . . 
of N, . ·.: •• : .: ••• : . : . •• • . 

j = -D g:ro.d N . . . ... .., ... .. 
ins information affectlno tbe No11-ol - : • : •: : • : : : : · 

.···-~- I h • • • • • •• •-• I> t • e e e I .. , e • ('II I • • I '• i 
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where V1 is called th~ "effective neutron num~)er". The equation 
to be satisfied by N1 is 

- v' -t-v-1 6. NI + ·-.:n -r--- IV, -=- 0 
together with a. boundnry eondi ti on. In the sl!n}.)16 casE- in which we 
are dealing with a sphere of radius ff, we may .s·,1ppose that N1 is 
spherically symmetric. 

At r-= R we would have, on simple theory N1 = O. 
(In point of fact N, > O due to the effect of ~he mean free pa.th' s 
not being small compared with R, but this will not be consldered 
here). For spherical s ym.;.notry the equation for N1 has the solution 

N, ( r) - ~!~ (-IT r-/~ ) 
provided 1'"hat v' has the value r 

v 1 = (v - 1) 
This shows that in an infinitely large sphere the neutron density 
would build up with the time constant (v-1)/T • Smaller spheres 
build up less rapidly. Any sphere so small that V 1<.0 is one for 
which the neutrons leak out the surface so r apidly that an initial 

• density will die out rather than build up. Hence the critical rad-

-....., 

ius· is given by 1<_~ -,r'L'DT V':o 
~·-= -,-

Now Dis given by D=iv/3 where! is the transport 
mean free path, 1: = I In 6""t , n is the number of nuclei per cc and ,_ 

· at = [Of + Sf as c 1 - C<.: s e} a LA.) J 
which brings out the reason for measurements of the angular scatter­
ing of neutrons in U. In metallic V we have 

• 'Jt 4 · Io -z.q Cvvi'1. 

which, for a density of 19 gm/ cm3, gives i.::: 5 cm. 
Also 

1 
T= _€, Gt: -- r;r i D'f -=- ~-z. R..1- O--c Y1 Of v- ' \..F. 0f So ::: 22-.0 

G"f • 
Therefore 

~~ 
'2._ '2. 0 

~ I • ?, = I~ 3 6...-v\. J 'Re. -::::- I 3 , S"" c..wi. , 
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cube, o<x.<a) 
value of a is 

Hence the criticnl ma ss for a cubical shape is 
3 5 17../cpf -::.. / .. 2-4 times a s grec. t o. s for a sphere. 

Tho vnlu0 of the critical mas s is, howovar, con­
sidcrcbly overcstimnt cd by the elementar y diffus i on theory . The more 
cxa~ diffusion theory cllowi ng for the long frc~ path ~raps Re by n 
factor about 2/3 givi ng 

'R c. "'-' ~ ~""- (Y\ (', ''-..' (.,, 0 k 5 % 2 s-. 
The el emcntgry tre a tment jti s t giv en indicotcs the 

dependence of Mc on the principal constants 
I I M .. ,,, -- -·- · ·--·-·-'--· .. --~ 

· <:. . e'L Car- -:-.rt ( v-1 )] 2.. 

where Q is the density. For R~n~we h nv0 the time dependence of 
neutrot\ multiplication gi vcn by e ("-·H· L 1- l~)' l Ir 
Hence for a sphere of twice tho critical mass tho timc8 constant, 
for multiplication of neutron density bye is 2. 4 x 10- . sec • . 

11. Ef~e~t of Tamper 

If we surround the core of active ~nterinl by a 
shell of inrictive material tho shell will reflect some neutrons 
which would otherwise escape. Therefore a smaller qu~ntity of 
active material will be enough to give rise to an explosion. The 
surrounding cnse is called a temper. 

The tamper material serves not only to retard the 
escape of neutrons but nlso by its in~rtia to retard the expansion of 
the active material. (The retardation provid0d by tho tensile 
strength of the ccse is ncgligib-1.,e.) For the lnttcr purpose it is 
desirable to use the densest nvuilnble materials (Al, W, Re, U). Pre~ 
sent evidence indicates that for neutron reflecting properties also, 
one cnnnot do better th~n use these he~vy clements. Needless to scy, 
a great deal of work will have to be done on the properties of tamper 
mnter1nls. 

We will now nno.lyze the ·effect of tamper by the 
-snme npproximate diffusion theory that was u~cd in the preceding 
section. Let D' be the diffusion coefficient for fast neutrons 

~ in the tnm er materinl nnd suppose the lifetime of a neutron in the 
'.J-.: runper is cc • Here .;, -=- n'rr/ ... p / n 0-f , with n' the nuc-
0\ e e si y of the tamper and C""e.._ 1 ts cnpture·. cross-section. If 

the tamper mnterinl is 1 ts.el.{. t:is~!onabAe- ( U tamper) the absorption 
coefficient is reduced by- :: ! o. c: tor: (: :r :-:Jt-), with v1;the number of 
.neu~ )'roduced per cn!J(urd . :• : :• : : 

At the oounanry· oe'tween active material nnd tamper, 
the diffuaion stream of n2!\ilt:i'b~~~st:~.continuous so 

•• • • • • • • •• • • • • • • •• •• ••• • • U~ tClASS1A£D 
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In the tamper the equation for neutron density is . 
:.:>c:. TN N . = D)C\N 

oP for the spatial dependence, 

fj N, - v' + x Nr 0 !1 -,-

UNCLASSIFIED 

As an easy special case suppose the tamper has the 
sQ.me neutron diffusion coefficient as the active materic.l (i.e. the 
same mean free path) but hns no absorption, so ~=0. Then under 
critical conditions (\)l,,.,,Q) we have 

N, A/r +B 
in the tamper material nnd 

5aM kr 

in the active material, 
At the outer boundnry of tho tamper, r -

/ R , WO 

must have N1 = 0 h ence 
/'./ I A ( _!_ - }._ \ 

' J-· k'' J 

On each side. of tho boundary r = R between active material and tamper 
material, the slopes must be equnl so, equnting the densities nnd 
slopes on both sides of the boundary we find the following oquntion 
to determine k, 

R IR 1 
-+ ------

I- Q/f?.' 
In the limit of n very l nrge t nmper radius R1 ~~ 

this requires that f ), 1f /2 R., 

which is just h alf the value it h nd in the C['.se of tho untampered 
gc.dget~ Hence the critical mass ne eded is one- eighth 1.1.s much ns for 
the bare bomb. 

ActuD.lly on b ett er theory the improvement is not 
cs gre a t ns this bec aus e th e edge eff ect (correction for long fr ee 
path) is not ns big in this c c. s e ns in the bcre bomb. Hepc c the 
improvement- of non-cbsorpti vo equal diffusion t nmpor over the cri ticnl 
m~ss, both handl ed by more &ccurnte diffusion theory only turns out 
to be n f nctor of four instend of eight. 

·Exercise: 
Consider a non- cbsorptive tamfcr material for 

~g~t ctl;.h\h-igdiffusion coGfficient D is smti.11 com-
- -t Thedesi . '°. QSant lOl ibf, In the limit if D'= O, no , neutrons 

f · h'c\1 1 ~ more re,, v 

withinormat?onwi "· ., cg,ul[{:bsoiscr~:pe from the nctivo mnterio.l by diffusion, 
r , . i',..u1;·0lsc:.:cretr .... ~v·-· t • • 
1co1,i;a:.~--1 1" ·- - ~ - ,.•.~ ,Q 1\tla.-.e ·':> ©l".j;rtJ_c'1.J. J>C.d.ill~ .. w~~ld vnm.sh D..nd any nmoun~ 
c:; •.. ' . , .;. t:f;& f; µ 1a-O t.fu.]i 1"¢efY~c:t'> e! WOUll '\Se ~Jlplosi VC, 

, , • ~ f . . I ·;· ~ ... I V• e • ee e e • e e 
111 ,;:;'.1 ~ ~· ; (.,;\~ '\ ~ .· '""J .. ..,.. : • • • • • • • • 
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If t he tamper material i s absorptive then the 
neutron density in it will fall off li ke e- kY / r 
instead of l/r which tends to r:iako the critica l mass greater than 
if the tamper did not absorb. 

;-s--- 1rhe distance tho · neutroi1s get into the tamper 
is 1/-t:z:::Q 1 y'~ where J(_/ is the mean free path ands the number 
of collisions before capture. Gue s sing s ·-v20 this gives, with 

_l_ / :::. S-C-v->'\., an effective tamper thickness .........., l3cm. For a V tamper 
·J~"-' o. c,,, , -and- the effective thickness is raised to 17 cm. These 

figures give an idea of the tamper thickness actually required; the 
weight of the tamper is about a ton. 

For a normal U tamper the b est available calcula­
tions give R c. -=- 6 cm and M c. = 15 Kg of 25 whil e with Au.... tamper 
1L =- 22 kg of 25. - . 

larger 
tor 3. 

fission 
The 

cross 
critical mass for 49 mi ght b e .because of its 
s ection, less than that of 25 by about a fac-

So for 49 
M ::= 
.M c. 

5 Kg for U tamper 
7.5 Kg for Au to.mper. 

c ~ These values of critical mB. sses o.re still quite 
uncertuin, particularly thos e for 49 . To improve our estimates re­
quires a better knowledge of the propert"ies of bomb materials and 
tamper: neutron multiplication number, elastic and inelastic cross 
sections, overall oxpor>imcnts on te.mpcr materials. Finally how­
ever, when materio.ls are avnilable , the critical masses will have 
to be determined by actual test. 

12. Damage · UNCWSHD 
Several kinds of damnge will be caused by the 

bomb. 
~ A very large numb er of neutrons is r eleased in 

"( the explosion. One can estim['.te a radius of about 1000 yards .around 
the site of explosion as the size of the region in which tho neutron 
concentration is ' great e~~~~V fO n~qdu~~ severe pathological effects. 

. . ,rc1 ••"~ · · ' Enough rQ.tiit>a~ti\Cc ~lv.1~clrit'.l is produced that the 
-1- .i. ii' a!lecllnlj ' , f '-fl.' " • 11 b .J!t ti... . • ' • • f •-:i•o6 . ft 10 d ,.•n•i..O •u<a~~ 0~Cr&.!!!:· V' . :r!¥ Wl e oi • n~ .. ~!.9ClQJ.fl 9" •1 curies evon a er ays. 

1ni•d00u:,e~~:0~""°~··~f;.·;~ma't ~~OJJ'ect this wi]J, '461.VC. in.nond~rinz the locality uninhabi-
oef ense U $. ~ ·\n enV rn e e e • e e e ' e e 
fo·pion•9• ~0'. • 0~ a:©i · ~'bJ~epends grca tly on •V €l1V 1'JnC€r'\)1!.ei n.-.Ca 0 1't 1•1 aiJ!·eut the way in 

~ e\o.t\or ~e1 1 • • • " • • • r ~ 
or lhe te'I cl sof1 is ~to • • • • • • • • • ~ 
uni>ut.hor\z.e pet Q . • • • • • • • • J.t• 
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withouts,;i- 'iv'l'fiUC 1 Jit":th:i11J. is disp\\rsod by tho oxplosi However the total 
amount of radioo.ctivity produce d , as well as the totnl number 
of neutrons, is evi dently proportional just to the numb er of 
fission proc ess e s, or to the t otal energy r c lons ed. 

'r110 mcchanic o.l explosion damage is caus0 d by 
the blast or sh ock wo.ve . The explosion starts ac oustic wave s in 
the air which t ravel with th e s.c ous t ic vcloci ty, c, sup erpos ed 
on t h e v elocity u of the mas s motion with which mat erial is con­
vected out from tho center. Sinc e c ("'J {T wh0re ·y is the abso­
lute tcmpcr nture and since both u and c o.re gr eat er fo.rther back 
in the wave disturbance i t follows thnt the ba ck of the wave over• 
takes the front and thus buil ds up a sharp front. This is essen­
tially discontinuous in both pr e ssure an d density. 

l _/' P , ___ __ . I 
\ L~----- ro 

__\_ ___ ------- -- -- ---- -·---
-<. r > < r .:::. 

It has been shown that in such a wave front the 
density just behind the front ris e s abruptly to six times its 
value just ah ead of the front. In bnck of the front the density 
f alls down ess cnti nlly to zoro. 

If E is th~ total energy rel eased in the explosion 
it h ns been shown that the mnximum v nlue of the pressure in the 
wave front varies o.s 

the maximum pros sure vnrying ns l / r :> ins too.d of the usun.l I/ r z.. 
bec ['.use the width of the strongly compr ess ed r egion increases 
proportionally to r. 

1rhi S b eht:.Vi or continue s as long 8.S p i S grea tor 
than nbout 2 a t mosph er e s. At l ower pr ossu.ros ther e is a transition 
to ordinary a coustic beho.vior the width of the puls e . no longer in­
creasing. 

If des truct i v e action may be r egcrded ns me e surod 
by the maximum pre ssure ampl i tude , it follows tha t tho r adius of 
qostructive a ction produc ed by an explosion vRrics as yr~ . 
Now in n ! ton bomb, conta i ning i ton of TN'r the destructive radius 
is of the orde r of 150 fe e t. Henc e in n bomb equivalent to 100000 
tons of TNT (or 5 ·kg of ~ cti v c mc.. t crinl totnlly convert e~ ono 
would expect a de structive r ndius of the order of '3/Lj;;-;;--r~ )<. /~-0 -=l ./xfDf-
feot or about 2 mil es. Y 

This point~ roughly to the kind of results which 
may be expect ed from n dovi~o of t h o kind we hope to make . Since 
the one f a ctor th~t de t er mines the d o.mage is the energy release, 
our aim is simply to ge t ns much cn er i;rv from the explosion o.s we 

A • ' 1•• • ••• •• i--> We can. nd since the ma te:in:::i. '3 fie i; s t; aff.l v ery precious, Vie are 
cons tra ined to c,lo this w:l, t h ~ s:•hi ~h !!.J.n : Elf fici ency ns is p()ssi ble . 

J .. - • • • • • • •• .'i. • •• • • 
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As remarked in Sec. 3, the material tends to 
blow apart as the reaction proceeds, and this tends to stop the 
reaction. In general then the reaction will not go to completion 
in an actual gadget. The fraction of energy released relative to 
that which would be released if Qll active mat erial were trans-
formed is called the efficien£I. . 

Let 'R.c 0 -=- critj_co.l rndius figured for normnl den­
sity Q0 , also Kc initial radius and R ::=. radius o.t a pc.rticulo.r 
instan~. Assume homogeneous expansion. Then the density when 
expanded is ~ -==-. (2 0 ( "t?. 0 ; R) 3 

and the critical radius R figured with the actual density ~ is 
C r< <: -::.:. R c ·v ( 1~ D / Q J 

The roa.ction will proceed until expnnsion hns go'he so far that 
Re::::. R. Therefore the radius R nt which cxpnnsion stops is 
given by ~ I R o - v'R-:/·-R ~-:·-
since the ra. tio of Ro / '1-~ e t> is equnl to the cube root of the ro. tio 
of M 0 , the actunl active mass, to Mc.... the critical mass we see 
that 

and therefore a go.~~ hc,ving twice the critical mass will expend 
to n radius only ~ 2 -:::.. /. 17- times its original radius before 
the reaction stops. . . 

The next problem is to find a simple expression 
for the time ta.ken for this cxpnnsion to occur, since we already 
know how to calculate the time constant v'/Tof the reaction. Of 
course v1 is not a constant during tho expansion since its value 
depends on the radius but this point will be ignored at first. 
· ·At a plnce where we. have N noutrons/cm3 there 

will be N/T fissions/cm3 sec and therefore if € is the energy 
release in erg/fission the volume rate of energy generation is 

(£/r)N . Hence the total energy releesed in unit volume 
between time -oo and time t is w = (L-/ vi) N e -v'th-

Mo!l of this energy goes nt once into kinetic 
energy of the fissi;b fragments which are quickly brought to rest 
in the material by comrnunicntion of their energy largely to thermal 
kinetic energy of motion to the other atoms of the active stuff. 

The course of events is shown in Fig. 3. The 
uni ts on the scD.le of nbscissns n.re uni ts of V't ;,.. If there 
was no expc.nsion, nnd if the rr;to of reaction toward the end was 
not slowed dovm by depletion of active mnterial, then the energy 
released up to a given time in org/cm3 would be given by the values 
on the u~er lognri thmic sec.le. Tho plc.ces on this scale .. marked ... 
100%~ 10% and 1% respectively show tho energy released in unit vol­
ume for these thrpe valu~s. er ~h~:~~fi~~ency. A secon~ logarithmic 
sec.le shov~sc .~~~r .. s:iowth o~ . -thf p.eu~r<?- ~~si ty with time under these 

,, Gv'""'n,ssumptt·pt;t:;; •• , m ., 1nQ O~ the ee eee e ee e ee e ee e e 
rJef&n ,e cf t1.e Un1ti.:;d ..., .i..te~ •• 

~!tpionis~e Act o \ts contents in onv menn•r to o.n 

or the re • p1offi\J}t~d by \,,.w 
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- !!!'!:::::;;~--~--'I'Itt~"can be c~lculnted that the pressure in atmos­
pheresr- ~ 'erj · roughly like the vnlues given on tho third settle. 
At Q point just below 1017 erg/cm3 evolved the rndiation pressure 
is equal to the gas pressure~ after that rndintion pressure pre­
dominc.tes. Near lQlO erg/cm.:> is the plac0 whore the solid melts 
so up to this time nothing very drastic has happened - the impor­
to.nt phenomena occur in the next 20 uni ts of v 'f / j • 

Very roughly we may ·estimete, ~s follows for 
masses not much lnrger than the critical mass, the combin~tion of 
factors on which the efficiency depends: In a time of the order 
T/v' the m8.terin.l moves from R0 to R so acquires a velocity 

V" rv ( v' / 'T') ( R - Ra) 
Writing R 0 -::: Re 0 ( 1 + 6) we find tho. t 

R ' "' - ·· l 0 -- ko .... z: t~ f\<:u 

The kinetic energy per grr,m thr.:. t is ncquired by the m2.teric:.l is 
'\J<../2. ,~ d.(v 1 /-r)z..c.'2· 'R~: c. . 

The toto.l energy relensed is gr e a t or in the order P V-;- p cl V 
or '2../36 • Let S-=7 .1017 erg/grc.m be the energy reler,se for 
complete conversion then the efficiency is of the order 

or 
f ~ (V'-z../€ T 2 ) ( 6 1 / 4) '8~-0 (2/ 3 6) 

0, 

-f ':':::::: (1/ro )( v'z./£ 1-z.J 'R~o 6. 
For ~n untampered gadget 

giving v' ~ Z(v-1) 6 

3 - ---------- - - ---- 6 . ,,. .. .--- '2.. -
[·-f~~-;:_ --( ~=-,)i . R~o -s I 

,l,.. I Putting in the known constants · ···- ··-·- ---------- ---
£-= ( , 10 17 T-=· IO_g 

WO find 

f =-
If this very rough cnlculntion is replaced by 

n more accurate one the only change is to alter the value of the 
coefficient l\_.K.The cnlculntions ere not yet complete, but the 
true vnl uc is pro br. bl y J<. ~ f-ro 4:., • 

~r:=: 'D Hence for u mass thnt is twice the criticnl mo.ss, 
Ro-=-:./ L. "-c.. so [-;,,.-:: 0.2.S-nnd the efficiency comes out less 

than 1%. We see that the efficiency is extremely low even when 
this much vnluable material is used. 

. Notice that 7-' varies inversely as the velocity 
of the neutrons. Henc0 it is adv~ntngeous for tho neutrons to be 
fast. The efficiency depends on the nuclear properties through 
the fnc tors J.. r:-v "lf -"· ( v - l) Oj -:5. 

j c 0-t 6 
where 'Vis the mean speed of 
are already defined. 

the neutrons and the other symbols 

In the above tre~tment we have considered only 
the effect of the ge_nerul.~xnartSi<':ct• ~~ ~e bomb materin.l. There 
is an additional effect wh.t•ctt t:Qnd~ t-.i l:J'Cop the rcnction: as the 

····pressure bui;:Lds ~P it beglos• :'!o•liJ};•N: ufi'··matcrio.l c.t the outer edge 
•acumenttCit•lt~m•i~ i turns Q~t •• to .bEi • .r.if .ca..":lDO.r.a.ble importance in 
•of••• Uo •• l.l~: 
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v.:· : .... - i · st-op - ng the reaction to the general e of the interior. 
However the formula for the efficiency can be shown to be un­
changed in form; the edge expansion manifests itself simply in 

• a reduction in the constant K. The effect of blowing off the edge 
has been already taken into account in the more accura~c estimate 
of K given above. 

- o/ 

14. Effect of Tamper on Efficiencr 

For a given mass of active material, tam:rer always 
increases efficiency. It acts both to reflect neutrons tack into 
the; active material and by its inertia to slow the expar ... si.:m thus 
givi ng opportunity for the reaction to proceed farther be-·f •')re it 
is stopped by the expansion. 

However the increase in ~fficiency given by n good 
t nmper is not as large as one might judge simply 'from the roduc­
ti on in the critical mass produced by the camper. This is Jnc 
to the fact that the neutrons which aro returned by diffusion 
into and back out of the tamper take a long time to return, par­
ticularly since they are slowed down by inelastic impacts in the 
tamper material. 

' Tho time scale, for masses near critical v:here 
one has to rely on the slowest neutrons to keep the chain go! ng, 
now becomes effectively the lifetime of neutrons in the tarnp c1·, 
rather than the lifetime in the bomb. The lifetime of neutrons 
in a U tamper is1"--,J/0-7seu ten times that in the bomb. The effi­
ciency is consequently very small just above the critical mass, 
so to some extent the reduction in critical mass is of no use 
to us. 

One can g e t a -picture of the effect of tamper on 
efficiency from Fig. 4, in which U. J 1 is plotted against bomb 
radius for various tamper materials. The time ·aoil.le is given by 
'f/v 1 ; the efficiency, ns we have seen in the precceding 

section, is inversely proportional to the square of · the time 
scale. Thus f,.,,,..., \11z... 

Fig. 4. 

v-1 

- - ---- ---- -
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If we use good tamper (U) the efficiency is very low near the 
critical mass due to the small slope of the v' vs.R curve near 

vi--:-- O. When one uses a mass sufficiently greater than the 
critical to get good efficiency there is not very much differ­
ence betwe0n U and Au as tamper materials. 

It turns out that if one is using 4 Mc and the 
U tamper, then only about 15~ more active material is needed 
to get the same energy release with a gold tamper, a.lthoui:sh tho 
critical masses differ by 50%. 

In addition to reflect:i.ng neutrons, the ta:ip cr· 
a.ls:> inhibits the tendency of the edge o.f l.;he bomb to blow uff .. 
The eclge expands into the tamper material, starting a shock 
wo..ve which compresses the tamper material sixteenfold. These 
edge effects as remarked in Sec. 13 always act to reduce the 
factor K in the formula, f-:::: I< 6~ , but not by as great an amount 
ir~ tho case of tamped bomb as in the case of the untamped bomb. 

15. Detonation 

Before firi.ng, the active ma teria.1 must be c:1 s·­
posed in such~ way that the effective neutron number v I is 

1{" less than ~i~y"; ~ The act of firing consists in producing a. re­
arrangement such that after the rearrangement v/ is greater than 
unity. 

This problem is complicated by the fact that, as 
we have seen, we need to deal with a .total mass of active material 
consider~bly greater than the critical in order to get appreciable 
efficiency. 

For any proposed type of rearrangement we may in­
troduce a coordinate ')(., which changes from 0 to 1 as the rear­
rangement of parts proceeds from its init~al to its final value. 

v' 

x 

Schematically V / will vo.ry with X. along some such curve as is 
indicated in the sketch. Since the rearrangement proceeds at a 
finite speed there will be a. finite time interval during which 

\J 1 though positive i 's much smaller than its final value. / .. s 
considered in ... moro dct'n.s.~ "l". t:clf' • 2fne·~e:·will always be some un-

Tlils doeu" 1 

I • s :: ! : I! e I tM~nse oF t~ u 18 ; e£:lJ:] e•nino :,. • a 
tsp1onogJ AC . . b . ~ .1 -!_on 

or the I I iifli bi; ( **" "' to an 
I . .. b; -,, "f 1 

• . . . . .. • • •• • •• • •• • • • • • • • •• ••• ••• ••• ••• •• 
•• • • ...... : 
• • •• 

••• • • • • • • •• • 
• f e ••• • 

••• '111""' ' .. r" 
: •• ~·.w i6 

. · ~~ • .;< ..... ~ ~ ~i "I; 
fl ~ I , ONCtASSIFIED 



... :·· . . 
• • •• • •• • • • • • • • • • • ~. . ..... 

• • •• 

.. .. • • • :.: . : . . : .. . 
• •• ••• • 9• . . . ·:· ..... . : : :· . :. . -. .:. : : : : : 

!6 . ... ••. : . . 

sources of neutrons in the active material. In any 
echeme of rearrangement some fe.irly massive amount of material 
will have to be moved a distance of the order of ·R c. '"--" 10 cm. 
Assuming a speed of 3000 ft/sec can be imparted with some type 
of gun this means that the time it takes to put the pieces of 
the bomb together is rv lo-4 sec. Since the whole explosion; 
is over in a time""'7S-'T/v'-=- 1~sec, we see thnt, except !'or very 
smo.11 v 1 (v 1 <...0I), an explosi~n. started by a premature n ,n~ tron 
will be all finished before there is time for the piecl:is t-:i movr~ 
nn appreciable distance" Thus if neutron mu1 tiplice.. tior. hf:1 ~)pcn.J 
to start before the pieces reach their finnl configuratic~ ~n ex­
plosion will occur t~at is of lower efficiency corrcspcn~l~g to 
tho lower value of v at the instant of explosion~ 

To avoid prodetonation it is therefore nccc8sary 
to keep the neutron bnckground as low Q8 p~~sible and to effect 
the rearrangement as r npidly as possible. 

16. Probability of Prodetonntion 

Since it will be clearly impossible to reduce the 
neutron background rigorously to zero, there will always be some 
ch~nce of predetonation. In this section we try to see how great 
this chance is in order to see how this affects the firing prcb­
lem. 

The chance of predetonation is dependent on the 
likelihood of a neutron appearing in the active mass while 0 1 is 
still small and on the likelihood that such a neutron will really 
set off a chain reaction. With just u single neutron rele~sed 
when v'>oit is by no means certain tho.t a chain reaction will 
start, since any particular neutron may escape from the active 
material without causing a chain reaction. 

The question can be considered in relation to a 
little gambling problem. In tossing loaded coins suppose p is 
the probability of winning and q that of losing. Let Pn be the 
probability of losing nll of an initial stock of n coins. On the 
first toss either one wins and thus has (n -r 1) coins or loses and 
thus has (n - 1) coins. Hence the probatJ:lity Pn, is given by 

'Pn-= r>'Pn;-1 + ~ 'P.,..,_ 1 
the solution of which is ) 

'Pn-:::. (1:/J7)ri 
Identifying this with the neutron multiplication problem one can 
show that 'lJly? = I- v1 • Hcmce the probability of not starting 
a chain reaction with one neutron is (1 - 0 1 ) or 0 1 is the prob­
ability that any one neutron will start a chain reaction. 

Suppose now that there is a source of N neutron/ 
sec. Let V(tjbe the probability of not getting a prodetonation 
up to the instant t. In the interval dt we have 

·' i-t'r dP ~ -Ndt-v1 'P 
On the J:.e:.r.t the first three factors together give tho pr~bability 
of going offtia t+me dt, ~~. t)le .f~~~ol'. Pis the probability of not 
having had a~predetonat1dn:U~ to: tint: time. 

• • •• 1• •• • • 
Near the • ;.r.aJ-~E? .¥ . ::i Q . f4e may suppose th 

linearly with 1time, ..;1~ e.:t -. Hence, integrating the ,.di e :n; ial 
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r 
mern'c~•~ c r l 
without s;;,::.Rel''!e"' of neutrons expected in the interval 

be ~een t = o, when v'~ o, nnd the time when the multiplication 
number h~s reached the value _v 1 • Evidently for a particular 
type of firing rearrangement N will vary inversely as the veloc­
ity with which the firing rearrangement is carried out. 

. For example consider a bomb whose mass is between 
two and three critical masses, for which the final value of yl is 
0.3 and suppose that N == 104 neutrons/soc from unavoidnblo 
sources. Also suppose that one piece must move d == 10 cm from 
the '.) 1 = o.o configuration to the final v' = 0.3 configurntl •Jil. 
Suppose that this piece has a velocity of 105 cm/sec then IV==- 1 
and p ::: e - 0 I U:>-

s o there is approximately a 15~ chance of :predetonntion. 
This is the chance of prede tonation any time up to 

thnt at which the final value of v' is reached. In this example 
the exponent is small enough that the chRnce of predetonation, 
(1 - P), is given by the linear approximation. 

(1 - P) . ~ 'Nvr 
Since the efficiency varies as ~13 ~ne will get an explosion of 
less than t of the maximum if it goes off bofore v1 hns reached 
the value o .?. /Vi( -::- D· 19 • Hence the probnbili ty of an explosion 
giving less than 25~ of the maximum value is 

(. 19 /, '3 ) 'Z )(. • l 5 ::. G G/ 0 
The example serves to indicate the importance of 

taking great pains to got the least possible neutron background, 
and of shooting the firing rearrangement with the maximum possible 
velocity. It seems one should strive for a neutron background 
of 10000 neutron/sec or less und firing velocities of 3000 ft/sec 
or more. B th of these are difficult-fl4.attainment. 

0 t-
17. Fizzles 

The. question now arises: . what if by bad luck or be­
cause the neutron background is very high, the bomb goes off when 
v' is very clJse to zero? It is important to know whether the 
enemy will have an opportunity to inspect the remains and recover 
the mnterial. We shall see thnt this is not a worry; in any 
event the bomb will genernte enough energy to completely destroy 
itself. 

It h a s been remarked in the last section that for 
very small V 1 ( V' <, G /} , the explosion te.kes so long that the 
pieces do hnve time to move . an appreciable distance before the 
reaction ends. Thus even if a neutron enters nnd starts n chain 
just when v1 =<5 there will be time for V1 to rise to a positive 
value, and give an efficiency small, but greater than zero. 

Suppose, then, that a neutron is released when 
J 1~0. The number of neutrons builds up according to the equa-

tion «·~ :rv .. {f' rf . UNCLASSJ 
~e ~.~\on•' • • • • • • • • • / 

_. -~ - m• P!l>roximati~. Vi~ My.:11~pc2~'e \) varies linear~~M.._ 
1"1~~~@ oHl>e Unltb'ti~·· fl ;sje• the pieces move from the point Where V/ :=. () 1 

• onner to 'l" ! 91J • -. 'L ) •• , u· • .Jff ) 
E p;on • 1 . gppt•";:<' !\I • - • ~ A ( 0\. A 1'-?~'!l'e-..rx;...... '?\: • .. ' ' w • • . t • .. • • .. 11-

0' •h,~,0;eed pe,.onwnel' v~ is the value c:t':"" w~an: th:e : p1eces reach their finn 
"I U ee ee e e e ee 
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is the distance to r each this config­
is v, we h&ve x=vt, 

_.!._ \)~-~ f 7-
-L d 0 'Y--

Suppose the renction c ~ntinues until about 1022 
neutrons are produc €d, which w:rnld corrospJnd t o nn energy pro­
duction equivalent to 100 tons of TNT. Then, at the end of the 

reacti on _.f rt /\/ = .Pv1. -!0cz '"'.:::=SO . 

(We can check this assumption after we have compl e t ed our esti­
mate of the energy r elease. However, since the f .i. n c.l rn.1.mber of 
neutrons enters onl,~ in t11.e l ogarithm of a l a rge numbe:", o<Jr re­
sult is quite insensitive to what vrn t nke for N nt thi8 point.) 

Thus the reaction ends when 

-.:x..7-
7 t'.l'uU'T 

::. 1J ?. f :.- /UO --------
Vo 

' "' --
3/-;_ (' 'Lf TJ-s;~ =. I O /Vo ~: 

v' 3 -= c.. 0D v -- '- ' 
_; o do ""' 

The efficiency is 

f '"'-' ~ 
Using the snme figures as in the 

Vo-=-.'?> V-: IC~- do :.. IO \ we find f -
precoeding secti on "-," 

~ ~ (0-s-) I ) -

_The mnss of 25 in the bomb is about 40 kg. The 
thus 40 x ~ )'.. ro·- 3 -:=,DD3 k1, and the energy r e ler-.se 
60 tons of TNT equivalent, ample to destroy the 

18. Detonating Source 

ma.ss used up is 
is .003 x 20000-==­
bomb. 

To av'.">id predetonation we must make sure thr.t there 
is only n small probnbility of n neutron nppenring while the 
pieces of the bomb are being put together. On the other hand, l 
when the pieces reach their best position we want to be very sure 
that n neutron starts the reaction before the pieces have n chance \ 
to seperatc or break. It mny be possible t o mnke the projectile ) 
seat and stay in the desired position . Failing _in this, or in 
any event as extra insurance, another possibility is to provide 
a strong neutron s ource which becomes active as s oon as the _ 
pieces come int:J posi_ti on. For exnmple one might use n. R"- + f:St.., 
s ource in which the RQ is on one piece and the 13e on the other so 
neutr)ns are only produced when the pieces n.re cl ose t o the pro­
pe~ relative position. 

We can easily estimate the strength of s ource re­
quired. After the s ource starts working, we want a high probnbil­
i ty of detonation before the pieces hnve time to move more than 
say 1 cm. This menns that N, the neutrons/sec fr0m the source 

• •• • •••••••• must be large enough thn.-t : : J, : : : : 
I • •rv rj ~ : :• : : ( 

"'" --\ ee~d1f~DJc u"-ttl!IQ th. N11lo~·· 2. ..... . -t;- .... !>e.>u r .. s ~j ::::: I 0 ) 
De~ense of the lf«itel 5tates~i · • • • • • • • • • • • • 
Espionage Act U. • • • • • • • • • • 

or the revel • : : • : :7 : • : • • }- I 
unauthorized M. ·-::::::. . . ! a . ~ ()i_.i._ } 1YY1 s s-e c . 

UNClASSJffED 



-: . 

-. • • • • • • • 

••• • •• • • • •• 

•• • • • • • • 

• • • • •• ... ... : .. / 
UNCl.AsSIFlED 

:KlS-L 
This is tho yield fr ·:)m 1 gr ~Cl intimately mixed 

with beryllium. Hence it might be nec essary t o P4-s-e- several 
grQms of radium since it will probnbly not be used efficiently 
in this type of source. . 

Some other substnnce such as polonium that is 
not so <f-active as radium will probably prove more s ntisfactory. 

Evidently a source of this strength tha t can be 
activated within about lo-5 sec and is mechanically rugged en:)ugh 
to stnnd the shocks uss;Jci o. ted with firing presents a difficult 
problem. 

There arc three rec0gnized sources of neutrons 
which provide the background which gives rise to qanger of 
predetonati on: (a) cosmic ray neutrons, (b) spontaneous fission, 
(c) nuclear reactions which produce neutrnns. 

(a~ Cosmic Rays. Tho number of cosmic ray neutrons 
is about 1 per cm per minute which is t oo few t'J be of any im-
portance. 

(b) Spontaneous fission. The spontaneous fission 
rate is known only for 28 which is resp~nsible for the fission 
activity of ordinary U. At present we have only upper limits 
for 25 and 49 since the activity of these has not been detected. 
The known facts are 

2-~ 3~s- IS- f\Jl-v\...h'~s / 'k 5 ~~ e.., 
25"" n < 1s0 l ) 

4g ) ) <:::. soo ) ; 

It is considered probable that the rates for 25 and 49 are much 
smaller than these upper limits. Even if 25 and 49 were the same 
a.s 28, o. 40 kg b 1)mb would have a backgr'Jund from this source of 
600 neutron/sec. This does not seem difficult to beat. 

But· if U is used as tamper this will weigh about 
a ton which gives 15000 neutron/sec. Of course not all of these 
will get into the active material but one may expect a backgr0und 
of several thousand per second from this source. 

Thus with a U tamper one is faced with the problem 
of high velocity firing. In the range of moderately high ef­
ficiencies, say 4 Mc ~f active material, it might f or this reason 
not be worth while to use a U tamper, since as we ~ave seen, an 
inactive tamper will cost only ab Jut 15% more active material. '· 
Or one might use a compromise in which the tamper was an inner 
layer of U, backed up by inactive material; for messes this large 
the · time scale is so short that neutrons do not have time to pen­
etrate more than about 5 cm into the tamper anyway. 

( c) Nuclear renctLms. The Jnly impJrtant reac­
ti ·Jns nre theloti.n)Teacti ~:ras ·~: li~it:•e:tepients which might be pre­
sent as impuri tie~.. Th~(~) ~ ) r.en~t i:~n~ :iave a negligible yield. 

•• ••• ••• ••• ••• •• • r- llNCIASsmm a I, l\ 
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Let us examine what sort of limit on light element impurities 
in the nctive material is set by the need of holding down the 
neutron background from this source • 

The problem is particylarly bad for 49 ~ince its 
half-life is only 20000 years. Its menn life is thus 30000 years \ 

:;::=. 1012 sec. Thus 10 kg -of 49, containing 2.5 x 1025 nuclei j 
gives 2. 5 x 1013 D(-parti cl es/ sec. 

The yield from Ra :X.'s on Be is 1.2 x io-4 and 
the shorter range from \X.1 s of 49 as compared with those of Ra 
and its equilibrium products will perhaps cut this figure in 
half, say 6•10-5. Since the stopping power for CX's of these 
energies is proportional to ~ where A is the atomic weight, 
the stopping power per gram is proportional to 1 /(A· · 

If the concentration by weight of Be in the ac-
tive material is C then the yield of neutron/s ec is 

r • {239 I 9 · c · N Cl{ • ~1 
~Wh¥e f\ '. 04.. is the number of ex' s per s econ1 nnd ~ is the yield. 
!fence to get 10000 neutrons/sec one would noed to have a concen­
tra~ion given by 

J • ~ - [["st! . c . 'Z._ s. I 0 I 3 • G x. I 0 - .,. ==- I 0 'l 
' that Is c '"'V /0~-~ -C which 1s-,-or-·course, o. very low concentration of anything in a.ny-

.-thing else. 
~ ~ The yield ~rnps · rnpidly as one goes to elements 
of higher atomic weight because of the increased Coulomb barrier . 
So ~t is unnecessary to consider limits on elements beyond Ca 
as' l.ong as ordinary standards of purity are maintained. 
, Experiments on the yields with light elements 

~\ ne .d to be done. One can base some rough guesses on the standard 
~ ba:crier penetration formulas and find the following upper limits 
~\ on he concentration by weight for several light elements for 
~ t P~od~ction of 104 neutron/sec/ 
g ::r er Li 2 x io-5 b 
~ Be - -M-7· IO-

B 2•10-6 
c 2·10-4 
N 
0 
F 

2 x io-3 
2 x lo-s 

.. . ,.. 

{} Low yield because only cl3 contributes. 
{Hl- (X-n) reaction not energetically possible. 
tHH~ Low yield because only 017 contributes. 

~ 
~SIFIED 

The effect of severnl impurities simultaneously present.is of 
course additive. 

It is thus recognized that the preparation and 
handling of the 49 in such a way as to attain and maintain such 
high standards of purity is ~n. ~xtr.~~~tl.difficult problem . And 
it seems very probable th~~ : t~e : nettt~n :b~ckground will be high 
and therefore high velocit..t f 1r 1hg );d.:r1:b€ desirable. 

With 25 the.situation is ·much more favorable. The 
~'s come from 24 presen~·in• nQ~.mh~ v:~~.nbout 1/10000. If all 

24 goes with 25 in the seP?1t~iiT~ troiii : ~s·we shall huve 1/100 of 
24 in the 25. The lifetime ~f·2' s ~oo•times that of 49 so the 
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concentration of impurities in 25 may be 104 times that in 49 
for the s ame background, which is not at all difficult of attain­
ment. 

To summarize: 49 Will be extremely difficult to w~rk with 
from the stand-point of neutron background whereas 25 without U 
tamper will be not very d.ifficult 41 

20. Shooting ~. ~ 
g- 3 
o er 

We now consider briefly the problem of the actual mechonics ~of _ 
shooting so that the pieces are brought together with a rel t,~ 
velocity of the or.der of 105 cm/sec or more. This is the..,..,."'~ 
of the job about which we know least at present. 

One way is to use a sphere and g~ 

C-· ~. ~)---:;. shoot into it o. cylindrical pll.~ ~· 
made of some active material a~ ~ 
some tamper, as in the sketch. · ~ 
avoids fancy shapes and gives the~ 

most favorable shape,for shooting; to the projected piece whose ~ ~ 
mo.ss would be of the order of 100 lbs. · ~ if -o g- "'6 

The highest muzzle velocity available in U. S. Army guns ~;,. ~ ~ !_ 
is one whose bore is 4.7 inches and whose barrel is 21 feet long~ ~~~~ 
This gives a 50 lb •. projectile a .muzzle velocity of 3150 ft/sec. ~~~~·~· 
The gun weighs 5 tons. It appears that the ratio of projectile - ~ 
mass to gun mass is about constant for different guns so a l:OO lb. 
projectile would require a gun weighing about 10 tons. 

The weight of the gun varies very roughly as the cube of the 
muzzle velocity hence there is a high premium on using lower vel­
ocities of fire. 

Another possibility is to use two guns, and to fire two pro­
jectiles at each other. For the same relative velocity this ar­
rangement requires q.bout 1/8 as much total gun weight. Herc 
the worst difficulty lies in timing the two guns. This can be 
partly overcome by uslng an elongated tamper mass and putting all 
the active mntorinl in the projectiles so it dees not matter 
exactly where they meet. We have been told th~t nt present it 
would be possible to synchronize so the spread in places of im­
pact on vnrious shots would be 2 or 3 feet, One serious restric­
tion imposed by these shooting methods is that the mass of active 
material that can be gotten together is limitea by the fact that 
onch piece s'pnrntely must be non-explosive. Since the separate 
pieces are not of the best shape. nor surrounded by the best tam­
per mnterinl, one is not limited to two critic~l masses for the 
completed bomb~ but might perhaps get as high as four critical 
masses. However in the two gun scheme, . if the final mnss is to 
be ""'-'4Mc, each piece sepnrntely would probably be explosive as 
soon as 1 t entered the tti.m~ez;, . ~nd •• 'Qe.t~~r synchronization would 
be required. It seems wo:rt~w~i l e ~o ~n~e~tigate whether present 
performance might n~t be f4p~;yth ~ 1:\.~ictor ten. ~ 

••• • • • • • • • • • ••• • 
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vere restrictions on the mass of t . ~b ccn be circum-
vented by using pieces of shape more diffic 1 to shoot. For ex­
runple o. flat plate of cctuo.l mnterinl tamped on only one side, has 
a mimimum thickness below which it cnn no longer support a chain 
reaction, no matter how lnrgo its area, -because of neutron lenk• 
nge across the untemped surface, If two such plates were slid 
together, unpamped surfaces in contact, the resulting arrangement 
could be ,well over the critical thickness for a plate tamped on 
both sides, and the mass would depend only on the area of the 
plates. · 

Calculations show that the critical mass of o. well trunped 
spheroid, whose major axis is five times its minor axis, is only 
35% larger than the critical mass of a sphere. If such a spher­
oid 10 cm thick and 50 cm in diameter were sliced in half, each 
piece would be sub-critical though the total mass, 250 Kg, is 12 
times the critical mass. The efficiency of such an arrnngement 
r--~~ would be quite good, since the ·ex-
~~ ---· pansion tends to ering the m&teria.l 

\~ more and more ne~rly into n spher-
ico.l shape. ~ 3 n 

Thus there are many ordnance questions we would like to;:;.·~ ~· l 
have answered. We would like to know how well guns can be synf ff~·~. 
chronized. We shall need information about the possibilities ,n "' !T- g, 
of firing other tho.n cylindrical shapes at lower velocities. ~~§ 3 ' 

we shall need to know the mechnnicnl effects of the blast wo.ven-r: ~ iD 
preceeding the projectile in the gun barrel. Also whether th~ a "Q 
projectile cnn be mnde to se~t itself properly and whether n ~~~~ 
ton of . inactive material may be , used to drive the active mate~2~~ 
into place, this being desirable because thus tho active mater~~lr, 
might bo kept out of the gun barrel which to some extent acts _~~ g 
n tamper. - ; · 

Various other shooting arrangements have been suggeste ~ 
ns yet not carefully a.no.lyze.~-~ 

~~ . - , 

V/> ·; 
For example it has been sugges e t at ·the pieces might be mounted 
on n ring as in the sketch. If explosive material were distrib­
uted a.round the ring c.nd fired the pieces would b'e blown inward 
to form o. sphere. 

Another more likely possibility is to ha.ve the sphere ns­
sembled but with n wedge of noutron-nbsorbing materinl built into 
it, which on firing would be blown out by nn explosive chnrge 
causing 0 1 to go from less thnn unity to more thnn unity. Here 
the difficulty lies in the fnct that no materinl is known whose 
absorption coefficient for ras~ ~eu~~~e ·!p much lnrger than the 
emission coefficient of the .~o~b :~n~e~ai.: Hence the absorbing 
plug will need to have a v~l~~~ e~~rt,~Q~e·to that of the absorb-
er and when removed will l~~v~ . ~hp ~~t~ye.material in an unfav­
orable configurnti ,.:m, equi"IJ'1l. ~t : t-o : a :.11v1:menn density. 

• • •• • • • • • • • • • • • • • • .. ,l ·· ~ •" . . .. I ~ I • UHCWSIRED 



, 
"' 

,_ 

UNClASSIFIED ·:· :·· .. • •• • • • • • • • • • • ...... : .. 
21. Autocntalytic Methods 

~ 
The term "nutocntclytic meth0d" is being used to describe 

any o.rrr.ngernent in which the moti ons of material produced by the 
reaction will Cl.ct, o.t lenst for 0. time, t'.) increase v' rather than 
to decrease it. Evidently if arrangements hEl.ving this pr')perty 
co.n be developed they would be very valuabl•, especially if the 
tendency tv•ard incrensing v' was possessed to o.ny marked degree. 

Suppose we he.d an o.rro.ngement in which f •)r example v' would 
increase of its own pccord from a low value like 0.01 up t'.) a 
vcluo 10 to 50 times greater. The firing problem would be sim­
plified by the low initial value of v1 , and the efficiency would 
be maintained by tho tendency to develop a high value of V' as 
the reaction proceeds. It may be thnt a method of this kind will 
be absolutely essenti~l for utilization of 49 owing to the diffi· 
cul ties of high neutron background frJm (Ci'~) reactions with the 
impurities as clrendy discussed. 1 

.----~ The simplest scheme which 
might be nutocatalytic is in-

j dies.tad in the sketch where 
fill~] the active materi~l is dis-

. posed in a holl~w shell. Sup­
pose thnt when the firing plug 
is in place one has just tho 

-- criticcl mnss for this cohfig~ 
uratiJn, If as the re i:~ ction proceeds the expnnsi :m were t"'.> pro­
ceed only imverd it is ensy t0 see from diffusi')n the'.)ry that V1 

WJuld incref.'.se. Of C')Urse in c.ctual feet it will proceed outward 
(tending to decrease \J / ) as well ns inward and the outward ex­
pansion would in reality give the d~minnnt effect. H0wever, even 
if the 0utward expa.nsion were very small comp~red t'J the inward 

~ .s ~ ;; c-expansi ')n it ho.s been cnlculnted that this me th )d gives very low 
~~ ~12efficiency: with 12 Mc an efficiency of ')nly ab~ut lo-9 wns cal­
" ., 5 eculn ted r..JCtlJOo ,_ • 1 
1-£ J ~ ~ A better nrrnngement is the "b0r•1n bubble" acheme. B 0 
l! <:> ~ [h.~s the largest kn'Jwn abs')rption c:noss-section for fo.st neutrons, 
~ -~ 4; ~ l.52•10-24 cm2. Suppose we take a lnrge mo.ss of nctive material 

, ; ~ g~ .£ and put in en'.)ugp boron t-J make the mass just cri ticnl. The de-
, ; _: 2 0 vise is then fired by r.dding some m'Jre active material or trunper. 

o b 0 ~ §1 ~- As the reo.cti rm proceeds the 
E<11c>.. '. b i d di '!! vi <11 <11 ~,-;. ·-o oron s c-Jmpresse an s 

~ :-§] ~ ~-·;; ~~. ;·,· ~ c..c:fivc less effective o.t absorbing 
· ~ ~ ts-~, 1 ~0.::, . "~, · . neutrons thmi when not com-

e J! fr a. ' ·, ~"....""'-C':~" - pressed. lhis can be seen 
~ ~ .~ iR~ ef. , ~~~ ... ' -B 10 . most readily if Jne consid~r .;· 
"' § ~ JJ . ..._ tho case in which the bubbl 

·v f .0 .. , re large c :Jmp1:1.red to the mean depth in which a neutron goes i ., ) 
~ ~ · oron before being absorbed. Then their effectiveness in rem::>v h 
~~ ing neutr~ns will bo proportionnl to their total &ren and so vnll 

drop on compression. Hence \)I will increase o.s the bubbles are 
compressed. If the bomb i~ su!tac~e.n~y • .io.rge this tendency is 

• • • • • • • • b')und to overweigh the oppopiqg :1ne : d~ t~ the general expansion 
of the bomb mn terinl, sinc~ •• tlle :<ii s~:CL.c.e:.the edge of the bomb must 
move to produce a g~ven decrease in vi .i~cre~ses with the r~s 
of the bomb, whereas for a i~arg~·'ti~m~.:thl1 distance the edge -~ ... 

• • •• • • • • • • . . . . . . . . . u c -. . . . . . . . .·. . N 1ASSlfJED . 
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bubble must move is unchanged, since it is nJt necessary to in­
crc r- se the ra.dius of the bubbles but :-mly tJ use m·Jre of i them • . 

The density of particles (electrons plus nuclei) ~n boron 
is 8.3 x 1023 pa.rticle/cm3 while in uranium it is more thnn 5 
times greater. Therefore ~s S)On ns the reaction has prpceeded 
to the point where there is a high degree of ionization ~nd the 
material 'behaves as a gas there will be a grent acti0n t9 com­
press the boron. An opposing tendency to the one desired will be 
the stirring or turbulence acting t ..., mix the b or')n unif ·:)I'mly with 
the ei_£or ' but the time scal e is too short for this to; be ef-
fective~ / 

~t cnn be shown thRt if initially V-==o, all owing for the 
b'1r ·on abs orpti on, and if no expnnsi ·;n of the outer edge occurs 
then 1./ will rise to V''"'- ..!.. (ll-t) by c:)mpresston of the btJr'Jn. 
This scheme requires nt le'Ei.st five times the critical mass for 
no boron, c.nd the efficiency is l ow unless c·onsiderqbly more is 
used. 

If nne uses just thnt runaunt of boron which makes twice the 
Il l-boron critical mass be just critical, then the efficiency is 
l ower by a f act or at least 30. 

All aut ocatnlytic schemes thc.t h c.ve been th ·rnght of so far 
require large run~:rnnts :; f nc ti vc mr.. toria.l, are l ow in efficiency 
unless very large amounts nrc us ed, and are jangeraus t J handle. 
Some bright ideas are ne eded. 

From the proceedi ng outline we see that the immediate ex­
perhiental program is largely c :mc t; rned with meo.s uring the neutrcm 
properties of v nri ous m£'.tcri nls, r...nd with the ordnance pr:Jblem. 
~t is als o necessary t .) start now studies 0n techniques for direct 
experimental determinati Jn of critical size nnd time scale, W)rk­
ing with l a rge b~~~ sub-critic al annunts 0 f active mo. terial. 

'e> ·,~ 
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