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The following notes are based on a set of five>~’
lectures given by R. Serber during the first two

‘ UIFIB
weeks of April 1943, as an ‘indoctrination course”
in connection with the starting of the Las Alamos
Project. The notes were written up by E. U. Condon.

.,

(jL)QSLJL ‘0=
The object of the project is to produce a practical

military ~ in the form of a bomb in which the energy is re’
leased by a fast”neutron chain reaction in one or more of the
material; known to show nuclear fission.

2. Energy of Fission Process.—

The direct energy release in the fission process is
of7the order of 170 MEV per atom. This is considerably more than
10 times the heat of reaction per ab~m in ordinary combustion pro-
cesses..

This is 170”106’4.8”10-10/300==2,7”10-4 erg/nucleus.

@
Since the weight of 1 nucleus of 25 is 3.88”10-22 gram/nucleus the
energy release is

7’”1017 ‘W::ogram &r 306.~o16 erg,tonoThe energy release in TNT is 4“10*
Hencp

1 kg of 25x20000 tons of TNT /

3. Fast Neutron Chain Reaction

Release of this energy in a largo scale way is a
possibility because of the fact that in each fission process, which
requires a neutron to produce it, two neutrons are released. Con-
sider a very great mass of active material, so great that no neutrons
are lost through the.surface and assume the material so pure that
no neutrons are lost in other ways than by fission. One neutron
released in the ~ass would become 2 after the first fission, each
of these would produce 2 after they each had produced fission so
in the nth generation of neutrons there would be 2n neut-rons avail-
able.

Since in 1 kg. of 25 there are 5°1
7
25 nuclei it would

require about n= 80 generations ( 2~o w 5*1025 to fish the whole
kilogram.—

While’this is going on the energy release is making
.,W the material very hot, developing great pressure and hence tend-

ing to cause an exposion.

Q)
In an actual fj~jo~e.o~ct~~,os.omcneutrons are lo~t by ‘

Th@e:Will be therefor.o-<-%ertain

.s.’#$?4c21*10ssGSOf ~:.~56~s ~~e.“ .&-*
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just sufficient to stop the chain reaction. This radius depends
on the density. As the reaction proceeds the material tends to
expand, incr~”asing the required minimum size faster than the actual
size increases.

The whole question of whether an effective exflosion
is made depends on whether the reaction is stopped by this tendency
before an appreciable fraction of the active material has fished.

Note that the energy released per fission is large
compared to the total binding energy of the electrons in any atom.
In consequence even if but *% of the available energy is released
the material is very highly ionized and the temperature is raised
to the order of 40*106 degrees. If lx is released the mean speed
of the nuclear particles is of the oraw of 108 cm/sec. Expansion
of a few centimeters will stop tho reaction, so the whole reaction
must occur in about 5*10-8 sec otherwise the material will have
blown out enough to stop it.

Now the speed of a 1 IJEVneutron is about I;4*~09cm’~sec
and the moan ‘freepath between fissions is about 13 “ cm so the m~an
time between fissions is about “1O-8 sec. Since onlythe:last
few generations.wi,ll rolcase enough en~rgy to produce much expan-
sion, it is just possible for the reaction to occur to an intcr,cst-
ing extent before it is stopped by the spreading of tho active
material.

Slow neutrons cannot play an osscntial role in an
explosion process since they rcquiro about a microsecond to be
slowed down in hydrogcnic ma.tcrials and the oxpl’osion is all over
before they arc slowod down.

4. Fission Cross-sections

The materials in question are U~~5Z25,. Ug~8=28 and
clement 94239 G49 and some oth~rs of lesser -lntcrcst.

Ordinary uranium as it OCCUYS in nature contains about
1/140 of 25, the rest being 29 cxccpt for a very small amount of 24.

The nuclear cross-section for fission of the two kinds
‘ofU and o_f49 is shovm roughly in Fig. 1 where ~ is plotted
against the log of the incident ncutronfs energy. Wc sce that 25
has a cross-s~ction of about ~f%- 1.5’10-24 cm2 for neutron energies
excccding 0.5 MEV and rises to much higher values at low neutron en-
ergies (rf= 640s10-24 cm2 for thermal neutrons). I?or28 however a
threshold energy of 1 MEV occurs bcl.owwhich ~f= O. Abov the
thr~shold a+ is fairly constant and equal to 0.7°10-24 8cm ,

. -——a” -.
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5. Neutron Spectrum

‘In Fig. 2 is shown the energy distribution of the
neutrons released in the fission ?x?occss. The mean energv is about
2 KEV but r,nApprecia-Ue f’~acticn bf the ncutrms rclcasc~”havc less
than 1 MEV of cmergy and so arc unabl~ to produce fission in 28.

On~ can give c quite satisfactory interpretation of
the energy distribution in Fig. 2 by supposing it to result from
evaporation of neutrons from the fission product nuclei with a tem-
perature of about ~ MEN. Such a hxw~llian velocity distribution
is to bc relative to the moving fission product nuclei giving rise
to a curve like Fig. 2.

,.

. (Fig. 2 on next-,+.
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6. Neutron number

The average number of neutron produced per fission
is denoted by ~ . It is not known wh~ther J has the same value for
fission processes in different materials, induced by fast or S1OW
neutrcms or occurring spontaneously.

The best value at present is
v == 2.2*002

although a value $= 3 has been roportcd for spontaneous fission.

7. Neutron capture——. ..—-.

When neutrons are in uranium they are also caused to
disappear by another process rcprescntcd b

4
the equation

28 -j-n a29+”
The resulting element 29 undergoes two successive

f
transformations

into elements 39 and 49. The occurrence of this p ocess in 28 acts
to consume neutrons and works against tho possibility of a fast

>s neutron chain reaction in mp.terial containing 23.
-. It is-this series of reactions, occurring in a slow

@
neutron fission pile; which $= ti$c.:bas$s:a#.Caproject for la_rge
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Ordinary U, containing onl
Y

1/140 of 25, is safe
m. against a fast neutron chain because, (a only 3/4 of the neutronsi

from a fission have energies above the threshold of 28, (b) only
~ of tho neutrons escape being slowed below 1 MEV, the 28 threshold
before they make a fission;
So the effective neutron multiplication number in 28 is

]W 3/4 x 1/4 x 2.2 = 0.4
Evidently a value greater than 1 is needed for a chain reaction.
Hence a contribution of at lecst 0.6 is ricedod from the fissionability
of the 25 constituent. One can estirnote that the fraction of 25
must be increased at lec.st10-fold to make an explosive reaction
possible.

9. Material 49

As mentioned above this material is prepared from
the neutron capture reaction in 28. So far only microgram quantities
have been produced so bulk physical properties of this element arc
not known. Also its J value has not been measured. Its ~f has
been mecsured and found to be about twico that of 25 over the whole
energy range. It is strongly%-radioactive with a half-life of
about 20000 years.

0
since thbre is every reason to expect its ~ 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 anothor project
is going forward with plans to produce it for us in kilogram quan-8
tities.

Further study of all its properties has an important
place on our program as rapidly as suite.blequantities become
available.

10. Simplest Estimato of Minimum Size of Bomb

Let us consider a homogeneous material in which the
neutron number is ~ and the mean-time between fissions is T . In
Sec. 3 we cstimfted T= ‘. lo-~scc. for urcnium. Then if N is the
number of neutrons in unit volume we hevc

The term on the right is tho ;et rate of generation of neutrons in
unit volume. The first term on the left is the rate of increase
of neutron density. In the second tam on the left j is the net
diffusion current stream of the neutrons (net number-of neutrons “
crossing 1 cm2 in 1 sec across a plme oriented in such a way that
this net number is maximum)..

-f In o~dinary diffusion theory (which is valid only
when’all dimensions of boundaries arc largo compnred to the mean

qD “
free path of the diffusing pw.tj.cl.es-.g..cwdition not fulfill~d
in our case) the diffusion c~~rcc~t~isO~r$pbOFtional~the gradient
of N, .. ● @

. ““fl:”~~:~r~{~u u~[~~[[[~ - “- “’:~ooo~ :...
%18=..:-...,. . ~:J,A* . go : : ~:,j.v:incin ormti”ortaffecthgt .cNdcd ●O
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Assume a solution whose time dependence is of the form

N = N, (X,9,2) &i~
l!effectiveneutron num~~er’1.where I)’ is called the The eqwtion

to be satisfied by NI is .

AN, + = ~3_+E ~!, = o /

together with a boundary condition. In the simple case in which we
are dealing with a sphere of radius H, we may ~i~pposethat NI is
spherically symmetric.

At r=R we would have, on simple theory N,=O.
(In point of fact N, >0 due to the effect of the mean free path’s
not being small compared with R, but this will not be considered
here) . For spherical symmetry the equation for N, has the solution

N, (P) = 2!+LmwJ

provided that # has the value r

v’= (-v- 1) – 7X3’T/R:

This shows that in an infinitely large sphere the neutron density
would build up with the time constant ($–/)/’/- . Smaller spheres
build up less rapidly~ Any sphere so small that v’<o is one for
which the neutrons leak out tinesurface so rapidly that an initial
density will die out rather than build up. Hence tho critical rad-
ius is given by

‘R
z_ 7P-D 7-
C - ‘—”-—

))’=0
0–/

NOW b-is given by D= 3v/3 where 2 is the transport
mean free path, Y = I/n&t , n is the number of nuclei per cc and “

. q = cc++ J(UW-CXSEOC-J
which brings out the reason for measurements of the angular scatter-
ing of neutrons in U. In metallic U we have

r- = 4“ 10-24%2,*
which, for a density of 19 gm/cm3, gives 1=5 cm.
Also

Therefore

The critical volume is therefore 10.5*103 cm3 giving a critical
mass of 200 kilograms. ●9 ●om●*, * ●CO9*.*. ● ● ●°0co 800 UWASSIHED ‘.● *S: :
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Hence the critical mass for Q cubical shapo is
35179.V = /+2+ times as great as for a s~hcre.

The value of the critical mess is, howovor, con-
sidcra.blyoverestimated by the elementary dift-asion theory. The more

exact diffusion theory c.llowingfor the long f.rccpath Grops Rc by a
factor about 2/3 giving

1? “ 3 tin In ~.v ‘GO k
j%

2.St
c.

The elomcntsry treatment just given indicates the
dependence of Mc on the principal constants

Mc - ‘$z .——.___
[ cr~& (v: n-~

where
x

is the density. For lla~cwe have the time dependence of
neutro multiplication given by JV-O+K1- (*y] 17-

Hence for a sphere of twice the cr;tical mass the time constant,
for multiplicat5-on of neutron density by~is 2.4 x 10-8 sec.

11. Effect of Tamper.-
4

If we surround the core ofactivo material by a
shell of inactive material the shell will reflect some neutrons
which would otherwise oscapc. Therefore a smaller qucntity of
active material will bo enough to give rise to an explosion. The
surrounding case is called a t.smper.

The tamper material serves not only to retard the
TOG@.2s escape of neutrons but also by its in$rtia to retard the expansion of
.:~.~g the active material. (The retardation provid~d by the tensilezo~-s.::!-:1:. strength of the ccse is ncgligl~le.) For the latter purpose it is
?E~E desirable to uso the dGnsest availcble m~tcrials (m, ~~~Re~ U). Prc~
UJ2
& sent evidence indicates that for neutron reflecting properties alsog.=nc-
C5V’-‘ one cannot do bettor than usc these hccvy elements. Nccdlcss to SGY,

>:8-’.2 .
~:v$~ I a“ greQt deal of work will have to bc done on the properties of tamper%=_

-mcterials.
Wo will now analyze the effect of tamper by the

“-sameapproximate diffusion theory that was uped in the preceding
section, Let D’ be the diffusion coefficient for fast neutrons

material and suppose the lifetime of a nuutron in the

i t::r:a:pc$; X?l#nc+
, with W’ the nuc-

its -capture cross-section. If

Q
the tamper material is itsCelofO~is~~o~abO\e ( U tamper) the absorption
coefficient is reduced b~~ ~acton (:f ;~t), with d~the number of

‘- XMW~ jh?oduced per cap#ur6. :“ : :“ 7 .
At the l%<?d;~y”~e~~;;n active material nnd tamper,

● *D*****
●* 9**

—
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In the tamper the equation for neutron density is ‘

fi. = ~’~~ – —

on for the spatial dependence,
~N-

AN, – ~-M=o
As an easy special case suppose the tamper has the

same neutron diffusion coefficient as the active materiel (i.e. the
same mean free path) but hns no absorption, so @=O. Then under
critical conditions (\~’=0) we havo

/V, =4/r +-E3
in the tamper material and

Stkkr~, = .._7––
in the active material.

At the outer boundary of tho tamper, r = R’, wc
must have N, =0 hence

h; = A{
/ f

\-jY-q7,

On each side,of the boundary r = R between active material and tamper
material, the slopes must bo equal so, equating the densities and
slopes on both sides of the boundary we find the following ca.uation
to determine k,

In tho limit of a very large tamper radius R’~co
this requires that

A“ -7r/2g

which is just half the VP.lUCit had in the c~.seof tho unhampered
gadget’. Hence the critical mass needed is one-eighth as much as for
the bare bomb.

Actually on better theory the improvement is not
as great as this becc.use the edge effect (correction for long fr~e
path) is not as big in this case as in the bc.rebomb. Hence the
improvement of non-absorptive equal diffusion tamper oveP the critical
mcse, both bundled by more accurate diffusion theory only turns out
to be a factor of four instefidof eight.

“Exercise:
Consider a non-absorptive tamper material for
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‘ %iS:Inam idea of the
r material of shorter mean fr e path

?ive material show that if D z *D
. tical mass is 1/2.40 times what ib is

in the case of thick tamper (Hz= 00 ) if D’== D,
From this we see that it would be very much worth
while to find tamper materials of low diffusion
Coefficient .

(It turns out that x =~~ is a root of
XCGS x =(4-Qf/Q) slw~

which is 1.17 approximately when D’/D = 0.5.)

——

I_fthe tamper materiel is absorptive then the
neutron density in it will fall.off like ~–kr/r

instead of l/r which tends to make the critical mass greater than
if the tamper did not absorb.

r
The distance the’neutrons get into the tamper

is lifzz @ 3(~.vtj where $ ‘ is the ineanfree path and s the number
of collisions before capture. Guessing s~20 this gives, with~, = >Yti an effective tamper thickness w 13cm. For a-UT~~~~er

J?*o,L , -&l the effective thickness is raised to 17 cm.
figures give an idea of the tamper thickness actually required; the
weight of the tmnper is about a ton.

For a normal U t~mper the best available calcula-
tions give R= a 6 cm and MC = 15 Kg of 25 while with Aw tamper
Mc = 22 kg of 25.

m.he critical mass for 49 might be)bccause of its
larger fission cross section, less than that of 25 by about a fat- ~
tor 3. So for 49

M z 5 Kg for U tamper
M < 7.5 Kg for Au tamper.
a= These values of critical masses are still quite

uncertain, particularly those for 49. TO improve our estimates re-.
quires a better knowledge of the properties of bomb materials and
tamper: neutron multiplication number,

cl~stic and inelastic cross
sections, overall cxpcrirncnts on te.-mpcrmaterials. Finally how-
evor, when materials are available, the critical masses will hs.ve
to be determined by actual test.

12. Damage UNCLASSIFIED
Several kinds of damage will be caused by the

bomb.
-.?*...—-~4A very large number of neutrons is releasd in

the explosion.:’ One can estimate a radius of about 1000 yards around
the site of explosion as the size of the region in which the neutron
concentration is”great eqsVg@ $0 I~m.@uqe.severe pathological effects.
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I of neutrons, is evidently proportional just to the number of
fission processes, or to the total energy relc~sed.

The mechanical explosion damage is caused by
the blast or shock wave. The explosion starts acoustic wcvcs in
the air which travel with the acoustic velocity, c, superposed
on the velocity u of the mass motion with which material is c.n-
vccted out from the center. Since c+ fi WhGPe ~ is the abso-
lute tcmpcraturc and sinco both u and ~ are greater farther back
in the wave disturbance it follows that the back of the wave over-
takes the front and thus builds up a sharp front. This is essen-
tially discontinuous in both pressure and density.

I

I [

/?

..—.
L--—..– —— i’0
<r>

It has been shown that in such a wave front the .
density just behind the front rises abruptly to six times its

a)
value just ahead of the front. In back of the front the density,
falls down essentially to zero.

If E is the total energy raloased in tho explosion
it has been shown that the mnximum value of the pressure in the

6 wave front varies as

P - E/p3

“the maximum pressure varying as l/r~ instead of the usual l/y~
because the width of the strongly compressed region increases
proportionally to r.

. This bchcvior continues as long as P is greater
than qbout 2 .atmosphcres. At lower prossuros there 1s a transition
to ordinary acoustic behavior the width of the pulse no longor in-
croasingo

If destructive action may be ragcrcied as measured
by the maximum prossuro amplitude, it follows that the radius of
destructive action produced by an explosion v~.ries as se
~iowin a ~ ton bomb, containing ~ ton of TNT the destructive r~dius
is of the order of 150 feet. Hcnco in G bomb equivalent to 100000
tons of TNT (or 5 kg of ~.ctivcmatc>rial totally converte~ one
would expect a destructive radius of the order of 3/1

.—-—

feet or about 2 miles.

)! 1OO(’C7JY15-o=lJx/&

This points roughly to the kind of results which

.4 may be expected’’f~om n dcvi<c of the kind wc hopo to make. Since
the one factor-%htit determines the damage is the energy release,

a)
our aim is simply to get as ,~uoch•~~;~vO from the explogii~n as we
can. And since the mate~~$.~$ye vsq a~q very preciously-’~ are
constrained to $lothis with as:”hi h:!ln:e$fficiencyas is-pdssible.,,.!...”--..,--- ●m ●9*● 09● ● ● ee●*D,J.OC.otth
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without 13. Efficiency

As remarked in Sec. 3, the material tends to--
blow apart as the reaction proceeds,-1 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 P.11active material were trans-
formed is called the ~fficienc~.

Let G&o= critical radius figured for normal den-
Slty . , also ~b initinl radius and R G radius at a particular

$instan . Assume homogoncous expansion. Then the density when
expanded is

P = ya ( ‘170Pl?J3

-and the critical radius R~ fi ured with the actual density ~ is
* = ?7c.(@/ )

%TjIereaction will proceed unt~lccxpansiori has go e so far that
R R. Therefore the radius R_~t which expansion stops is
g~v~n by

R/R. = ~~<~ ,~

Since the ratio of ~u~’dcois equ~l to the cube root of the ratio
of’ MO s the .actuclactive mass, to N&the critical mass we see
that

l?[~~ = ‘~No~Mco-

and therefore a gad et having twice the critical mass will expand
to a radius only ?

62 = (1/Z times its original radius before
the reaction stops.

The next problom is to find a simple expression
for the time taken for this expansion to occur, since we already
know how to calculate the time constant V’/~of the reaction. Of
course 0’ is not a constant during the expansion since its value
depends on the radius but this point will be ignored at first.

At a place whore we.have N neutrons/cm3 there
will be N/~ fissions/cm3 sec and therefore if & is the energy
release’ in erg/fission the volume rate of energy generation is

(c/r)N Hence the total energy released in unit volume
between time —~ and time 6 is

i

w= (E/vl)J@ ’t/T
Mo of this energy goes at once into kinetic

, energy of the fissio fragments which are quickly brought to rest
in the material by communication of their energy largely to thermal
kinetic cn-ergyof motion to the other atoms of the active stuff.

Thc course of events is shown in Fig. 3. The
units on the scale of abscissas arc units of V’t/~ . If there
was no expansion, and if the rate of reaction toward the cnd was
not slowed down by depletion of active mrlterial, then the energy
released up to a qivcn time in crg/cm3 would be given by the values
on the up er.logarithmic sccle.

7
Tho plcces on this scale..markoti...o

100~,.10; and l% respectively show the energy released in unit vol-
ume for theso thr~e valueac e# $he:e~f4S40cncy. A second logarithmic
scale.shows t~e,~~wth o~.%hti:Leutrdu d~sity with t“ime”under these

gz! ;;;<:;;;;A - ;;mg~
.n,.thotiz.d Pof~@,~yx;;l:y “’0’’””’ y “n ● ***
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t can be calculo.tod that the pres
the values given on the

a point just below 1017 erg/cm3 evolved the radi

sure in
third s

ation pr

atmos-
Chleo
cssure

-? is equal to the gas rcssure
8

after that radiation pressuro pre-
dominctcs. Near 101 erg/cm$ is the place whore the solid melts
so up to this time nothing very drastic has happened - the impor-
tant phenomena occur in the next 20 units of\J’#/~.

Very roughly we mayestimate~ ‘~s’follows for
masses not much larger than the critical mass, the combination of
factors on which the efficiency depends: In a time of the order

T/u J the material moves from R. to R so acquires a velocity

Writing Ro= R~O(~+d_) we find that
-v-w (v’/-) (R- Rv)

R-% ‘“ ;ARCO .
The kinetic energy pcr gram that is acquired by tfiematerial is

-uz/~ + ;(\~’/T>z-6’ R:.
Tho total energy released is greater in the order pv+ pcw-
or 2/3L3 . Let ~=7.1017 crg/grcm be the energy relense for
complete conversion then the efficiency is of the order

●

.
“-J

or
+= (Viz/E g--z) (~~/4) ~~-o (2/3~)

-+ == ()/6’)( ~f’~~ T’) ~;. &
For an unhampered gadget

giving Vf= ‘2(V-1)0

~,

——-— .-----.....___

-1

——

+
— z (v-l)z E&—

3 ‘-—-—e-z !!?
Putting in the known consta .~ J..—.-—--—-—

c= 7$1(J17 ~=: ,o–~
we find

If this very rough calculation is replaced by
a more accurate one the only chan80 is to alter the value of the
coefficient ~.K,The calculations r.renot yet complete, but the
truo value is probr.bly /<= ~-ki L .

Hence for a4mas~ that is twice tho critical mass,
Ro=fi ’R= so <~sn 0,2Sand the efficiency comes out less

than lx. We see that the efficiency is extremely low even when
this much valuable material is used. ,

Notice thnt ~ varies inversely as the velocity
of the”neutrons. Hence it is adv~.ntageous for the neutrons to be
fast. The efficiency depends on the nuclear properties through
the factors

3 ~d v-~($-)) Q *3

%where (is the mean speed of the n%utrons a d the other symbols
are already defined.

1} the above trcctmc?ntwe have considered only
the effect of the-~e,neralacox~aqsie~@ me bomb material. There
is an additional ef’f%ctWIXYCM ti,md~% ~~op the reaction: as the,,

“ ‘r~pressure;b~~~~ds..qpit beglms.:%dobl%:wfO material at the outer edgc-
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However the formula for the efficiency c%n be shown to be un-
.. chan”gedin 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~e estimate
of K given a’hove.

14, Effect of Tamper on Efficienc~

.

For a given mass of active material, tam~er always
increases efficiency. It acts both to reflect neutrons ksck into
the active material and by its inertia to slow the expar.sion thus
giving opportunity for the reaction to proceed farther kcfore it
is stopped by the expansion.

However the increase in ~fficiency given by n good
tnmper is not as large as one might jufigesimply ‘from the rcdu.c-
tior!in the critical mass produced by the camper. This is dl!c
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.

,
The time scale, for masses near critical v:h~re

one has to rely on the slowest neutrons to keep the chain goir.g,
now becomes effectively the lifetime of neutrcns in the tampcl,,
rather than the lifetime in the bomb. The lifetime of neutrons
in a U tamper is~lo-’$~o 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 get a picture of the effect of tamper on
efficiency from Fig. 4, in which U ~’is plottod against bomb
radius for various tamper materials. The time wcale is given by
-r/v’ ● the efficiency, as we have seen in the preceding
section, is inversely proportional to the square of the time
scale, Thus f - ,J~z.

Fig. 4.

v’ r
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If we use g~od tamper (U) the efficiency is very low near the
critical mass due to the small slope of the ~’ VS.R curve near

.. VJ=~. When one uses a mass sufficiently greater than the
●

critical to get good efficiency there is not very much differ-
ence between U and Au as tamper materials.

It turns out that if one is using 4 ~. and the
U tamper, th’enonly about 15% more active material is needed
to ‘get the same.energy release with a gold tamper, altkouqh tllo
critical.umsses differ by 50%.

In addition to reflect;.ng neutrons, the t~l])(r~
aiso inhibits the tendency of the edge of ihe bomb to bl;o...off.
Yhe edge expands into the tamper material, starting a shock
wave which compresses the tamper material sixtecnfold. T]~(,se
edge effects as remarked in Sec. 33 always act to reduce the
factor K in the formula, f= k ~a ,but not by as great an amount
ir.the case of tamped bomb as in the case of the untamped bomb.

15. Detonation

Before firing, the active material must be t.~s-
posed in suc~way that the effective neutron number vi is

~ less than ~nityi~ The act of firing consists in producing a re-
arrmgemont ~uch that after the rearrangement vi is greater than

a}
unity. .

This problem is complicated by the fact that, as

we have seen, we need to deal with a.total mass of active material
considerably greater than the critical in order to get appreciable.
efficiency.

“ For any proposed type of rearrangement we may in-
troduce a coordinate

P
which changes from O to 1 as the rear-

rangement of parts p oceeds from its initial to its final value.

Schematically~’ will vary with
t

along some such curve as is. indicated in the sketch. Since he rearrangement proceeds at a
f finite speed there will be a finite time interval during which

~’ though positive i;smuch smaller than its filialvalue.

@

A3
bdnsidered in..mdrbdcthi~ ~$,f@”~p05~”yill always be some un-
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~oheme of rearrangement some fairly massive amount of materi~l
will have to be moved a distance of the order of ‘~c w 10 cm.

J Assuming a speed of 3000 ft/sec can be imparted with s~mo type.
of gun this means that the time it takes to put the p?eces of
the bomb together is w 10-4 SeCo Since the whole explosion;

‘o-Lsec,we see that, except tor veryis over in a time~l$T/~17 ~
small v’ (vz<.01), an explosi~n started by a premature n.>utron
will be all finished before there is time for the piec~s to move
an appreciable distance. Thus if neutron multiplication. h~~~pcna
to start before -thepieces reach their final configuration ;-nex-
plosion will occur t~at is of 10wer efficiency corrcspm~$ng to
tho lower value of Y at the instant of explosion.

To avoid prcdetonation it is therefore nccc!~sary
Lo keep the neutron background as low cs p~~sible and to effect
the rearrangement as rapidly as possible.

16. Probability ofPrcdetonation
—

Since it will be clearly impossible to reduce the
neutron background rigorously to zero, there will always bo some
ch~.nceof pr6detonation. In this section we try to see how great
this chance is in order to see how this affects the firing prcb-
lem.8a) The chance of predetonation Is dependent on the
likelihood of a neutron appearing in the active mass while Q’ is
still small and on the likelihood that such a neutron will really
set off a chain reaction. With just a single neutron relersed.
when V)~~t is by no means certain that a chain reaction will
starty 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 o.11of an initi~l stock of n coins. On the
first toss either one wins and thus has (n t 1) coins or loses and
thus has (n - 1) coins. Hence the probattlity Ph is given by

-pn = P~n*, +
the solution of which is $ %-,

-Pn = (-f /J7)~

Identifying this with the neutron multiplication problem one can
show that ~/p = I-y/. Hence the probability of not starting
a chain reaction with one neutron is (1 - v’) or d)is the prob-
ability that any one neutron will start a chain reaction.

Suppose now that there is Q sourco of N neutron/
sec. Let ~(~)be the probability of not getting a prode.tonation

. up to the instant t. In the interval dt we havo
++

a-“:.”
..? dP = —Aj’d+Q( ‘p

.“.

On the le~t the first three factors together give the probability

@l
of going off% k~me dt, #r@Ot~e@f’@G.to~.P is the probability of not
having had a~pre@etonatldnti@ to~t~~t~~ime.

+
.~Nearthe.lya~~:j!~ ~c ~e may suppose th

linearly ‘wit h’time,V/Zo: ● Hence, integrating the di
.Jli 1’

This documo~ centd~~al~~e~l”gth~nhs!
‘-’L

-

= ~J,[~~_f,j~~&~ e-+wi’ ~N~~gf[~~-”

unwthw
..-

---- - .#
*..
. . . ..”-—.._ - ::,.-=
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of neutrons expected in the interval
O. and the time when the multi~lication

number hcs reached the value _V’ .< Evidently for a particular
●

type of firing rearrangement N will vary inversely as the veloc-
ity with which the firing rcarrangoment is carried out.

I For example consider a bomb whose mass is between
two ‘and three critical masses, for which the final value of ~t is
0.3 and suppose that N == 104 neutrons/see from unavoida.blc
sounces. Also suppose that one piece must move d s 10 cm from
the # z 0.0 configuration to the finalV’ m 0.3 configurati~il.
Suppose that this piece has a velocity of 105 cm/sec then ~=- 1
and.

P= e-O’”-
so there is approximately a 15% chance of prodetonation.

J, ~~is is thq chanqe of predetonation, any time up to
the.{at which the final value of V’ is reached. In this example
the exponent”~s small enough that the chmco of predotonation,

- (1 - P), is given by the linear ap~roximation.
(I–P> = -X7#

Since the efficiency varies asvls %e will get an explosion of
less than ~ of the maximum if it goes off bofore~z has reached
the ’value031~ ~ 0,19 . Hence the probability of an explosion
giving less than 25% of the maximum value is

d)
(,19/,3)7% .15 = ~ ‘/0

The example serves to indicate the importance of
taking great pains to get the least possiblo neutron background,

. and of shooting tho firing rearrangement with the maximum possible
velocity. It seems one should strive for a neutron background
of 10000 neutron/see or less and firing velocities of 3000 ft/sec
or more. Bfithof’these are difficulty attainment.

I

The,question now arises:,what if by bad luck or be-
cause the neutron background is very high, the bomb goos off when
~~ is very C1?SO to zero? It is important to know whether the
enemy will have an opportunity to inspect the remains and recover
,the material. We shall see thfitthis is not a worry; in any
event the bomb will generate enough energy to completely destroy

‘ itself.
It has been remarked in the last section th~t for

very smalld ‘ (V’<,OIJ, the explosion takes so long that the
pieces do have time to move.an appreciable distance before the
reaction ends. Thus even if a neutron enters and starts a chain

‘-0 there will be time for V’ to rise to a positivejust when ti,:
. value, and give cm efficiency small, but greater than zero.,.4,!

a
d

~

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



v.
●

● ☛
.-” : ● e. .

●
● 9.

,-” ●C..:*:*
. -. ------- “..”” UKLASSIFIEO.m- ●

n of the same l&oratofY,

do IS thc di~tan~~ t~ rc~ch this config-

uration. If the velocity of fire is v, we have xzvt,

Qn ~ = j(d~$’/’T)~6 = ~ $; /-’

I ., $uppose the reaction continues until about 1022
neutrons &e produced, which”would corresp~-nd to ainenergy pro-
duction equivalent to 100 tons of TNT. Then, at the end Of the
reaction

(We cqn check this assumption after we have completed our esti-
mate ,of the energy release. However, since the final rn’.mberof
neutrbfis enters onl, in the logarithm of a large numbeu, mo.rre-

2suit’fs qu~te insen itive to what wo t~.kefor N at thi~ point,)
Thus the reaction ends when

.

The mass’ of 25 in the bomb is abmt 40 kg, The mass used up is
.

thus 40 X~x/d3 =,W3kf, and the energy rolecse is .003 x 20000=
60 tons of,.TNTequivalent, ample to destroy the bomb.

.

~83_Detonating Source
1 .. . ,. *.

To a~oid predetonat~on we must make surtithat there1

is only a small probability of a neutron appea~ing while the
pieces of the bomb are being put together. On the other hand, ‘}
when: the pieces reach their best position we want to be very sure !
that,a neutron starts the-reaction before the pieces have o chance :
to seperatc or break. It may be possible to make the projectile
seat and

)
stay in the desirbd position. Failing ,in this, or in

any event as extra insurance, another possibility is to provide
a strong neutron source-which becomes active as soon as the
pieces come into position. For example one might use n RA+ ~5L
source in which the R4is on one piece and the Been the other so
neutrms are only produced when the pieces are close to the pro-
per relativ~ pOsition.

“ We can easily estimate the strength of source re-.
+ quired. Afte~, the source starts working, we want .ahigh probabil-

ity of detonati~nnbefore the pieces have time to move more than

@

say 1 cm. Thi~Jnleans that N ,th~OOn~O~tO~cms/secfrmn the “source●:2 ●

must be large enough tha+”:
●“N i $ i :“ :a!

+ 7* >“>’/ (s~~ = 10) IJ!?CUSSIFI. .
Espionc.gaA~ IJ.

or the IUWI

unauthorid
. .– - AM: L’? %Lf /sec. - -
-. ~jNwsS!FH) ‘kMiihiL
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J “/ This is the yield from 1 gr ?’(Lintimately mixed
with beryllium. Hence it might bc necessary to W=AQ sev~ral
grams of radium since it will probably not be used efficiently

‘.
● in this type of source.

8

Some other substance such as polonium that is
not so -active as radium will probably prove more s~tisfactory.

Evidently a source of this strength that can be
activated within about 10-5 sec and is mechanically rugged enmgh
to stand the shocks nss~ciatod with. firing presents a difficult
problem. -

There arc three recognized ssurces of neutrons
which provide the background which gives rise to danger of
predetonation: (a) cosmic ray neut~cms, (b) spontaneous fission,
(c) nuclear reactions which produce neutrms.

(a) C~smic Rays. Tho number of cosmic ray neutrons
is about 1 per cm~ per minute which Is too few t~ be of any im-
portance.

I ~ (b) Spmtaneous fission. The spontaneous fission
, rateis knpwn.~nly for which is respmsible for the fission

activity of ordinary U. At present we have only upper limits

d)

for 25 and 49 since the activity of these has not been detected,
The known facts are \

Zg g-s )~ uLJPl!-6/*~ p;, ‘
,
. 2T >> < 15-Q >>

I ‘ 43 J) < S-c)o >b

I-t-iq considered probablo that the rates for 25 and 49 are much
smaller than these upper limits. Even if 25 and 49 were the same
as 28, Q 40 kg bomb would have a backgrmnd from this source of
600 neutron,lsec. This does not seem difficult to beat.

But if’U is used as tamper this will weigh about
a ton which gives 15000 neutron/see. Of csurse not all of these
will get ’into the active material but one may expect a backgr~und
of several thousand per second from this source.

Thus with a U tamper one is faced with tho problem
of high velocity firing. In the range of inoderately high ef-
ficiencies, say 4 MC ~f active material, it might for this reason
not be worth while to use a U tamper, since as we I@ve seen, an
inactive taifiperwill cost only abmt 15% more active material.’
Or one might use acompramise in which the tamper was an inner
layer of U, backed up by inactive material; far masses this large

. the”time scale is so short that neutrons do not have time to pen-
+.1 etrate riore than about 5 cm into the tamper anyway.

(c) Nuclear reactions. The only important reac-

@)
ticms are the@)n~reacti3as.0 : ~ ~~e~ements which might be pre- ,
sent as impuritie~..-- ~e~)~,~~$~,n~ have a negligible yield. -

● ● a-mm. -— -e-m 800 ● ** ● 9* *ma ● O
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Let us examine what sort of limit on light element impurities
in the active material is set by the need of holding down the

f neutron background from this source.*
The problem is particpl.arly bad for 49 since its

half-l fe is only 20000 years.
i

Its mecm life is thus 3COO0 years
~ 10 2 sec. Thus 10 kgof 49,

)containing 2.5 x 102~ nuclei
gives 2.5 x 1013 %-particles/see.

The yield from R~ %~s on Be is 1.2 x 10-4 and
the shorter range from w~s of 49 as compared with those of R~
and its equilibrium products will perhaps cut this fi@re in
half, say 6S10-5, Since the stopping power for w~s of these
energies is proportional to ~ where A is the atomic weight,
the stopping power per gram is proportional to ~ /\Ts

If the concentration by weight of Be in the ac-
tive material is ~ then the yield of neutron/see is

~“c’~w”’.

$?
Ae ~’qis ~he number of w’s per seconr.

~.$ ;.Tv- snd
2

is the yield.
~ ~ce ~to get 10000 neutrons/see one would need t have a concen-

\+

u~”~t~~ion given by
,.1,
L’.

~ ::;:$;~~y;~:”’ ~- zs*,i)”. @ ,()-r=’ ,04
i,
~,

0?~

db

9 9 a very low concentration of anything in any-
:- ,$@ else,,, -.,-.., The yield d.rnps.ripidly as one goes to elementsNa. %~ igher atomic weight because of the increased Coulomb b~rrier.=.

!(!
So~~t is unnecessary-to consider limits on elomonts beyond Ca “,

$ # ng as ordinary standards of purity are maintained.r
Experiments on the yields with light elements

~~.~qftobe done, One can bo.sesome rQugh guesses on the standard
‘b ~dr pcnetra~ion formulas and find the following upper limits
6$

~+!.
“~%%g e concentration by weight for several light elements for
~ 2P @Qc,ti?n of l:: neutron/see/
g y . ..y!
~ g q ?@ 2 x 10-5

Be --%3-V” {(3–6
B 2c1O-6 -.

2.10-4 ++
: +$+*

*

>.
0 2 x 10-3 J!->.W++*
F 2 x 10-5

‘;..
$$Low yield because only C13 contributes.
+w$ (~-n) reaction not energetically possible. “4MA$SIFIEDw*%Low yield because only 017 contributes.
The effect”of several impurities simultaneously present.is of
course additivcQ

It is thus recognized that the preparation and
handling of the 49 in such a way as to attain and mnintain such
high standards of purity is ?no~xt~~moq}y,difficult problem. And
it seems very probable thmf:t5e:ne@~n :b~ckground will be high
and therefore high veloci~ f2r2hg .%iXl:b% desirable.

With 25 the”~fyu~~ibfi”fa”fiuchmore favorable. The
.%’s come from24 presenb”~u”fiQYnUt V:td. about 1/10000. ‘If all
24 goes with 25 in the se~~~ti~~ #ro~{~8°we shall have 1/100 of
24 in the 25. s YOO”times that of 49 so the

~e lifet;~ti@%~~ “
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4 times that in 49concentration of impurities in 25 may be 10
for the same background, which 3.snot 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 difficult,

20. Shooting
- ~..

. 53~.10

\

%
g 3< ~.

We now consider briefly the problem of the actual mechanics%o$ T “

+\

shoot3.ngso that the pieces are brought together with a rel kvy,~ ~
velocity of the order of 105 cm/sec or more. This is the
of the job about which we know least at present.

, G)

;$: ~-”
.. $:

\\\

rl$<x)+ .–

One way is to use a sphere and~f$” ~
shoot into it a cylindrical pl$g~- ;:; ,.:,2.

i ?,.:~)~
‘.:.3..

t
w made of some active material a@~

some tamper, as in the sketch. “~
avoids fancy shapes and gives the:

Lmost favorable shapo,for shooting; to the projected piece whoset “m. ~,-
mass would be of the order of 100 lbs. ‘ 3Tam-cJg-%

7The highest muzzle velocity available in U. S. Army guns ZI% ~~
is one whose bore is 4.7 inches and whose barrel is 21 feet long% ~ ~ ~~
This gives a 50 lb. projectile a.muzzlo 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 difforont guns so a 300 lb.
projectile would Pequire a gun weighing about 10 tons,

Tho weight of the gun varies very roughly as the cube of the
muzzle,velocity hence there is a high premium on using lower vel-
ocitie~ of fire. ‘

Another possibility is to use two guns,and to fire two pro-
jectiles at each othqr. For the same relative velocity this ar-
rangement requires about 1/8 as much total gun weight. Here
tho worst difficulty lies in timing the two guns. This can be
partly overcome by u~in.gan elongated tamper mass and putting all
tho active mc.torial in the projectiles so it tioesnot matter
exaotly where they meet? We have been told that at present it
would be possible to s~chronizo so the spread in places of im-

!
act on vnr.~ous qhots would be 2 or 3 feet, One serious restric-
tionimposed by these shooting methods is that the mass of active

material that can be gotton together is limited by the fact that
each piece separately must be non-explosive. Since the xeparate
pieces are not of the best shapoa nor surrounded by the best tam-
FOI’material, one is not limited to two critical masses for the
~ompleted bombl but might perhaps get as high as four critical
lnagses. However in the two gun scheme, if the final mass is to
be N4Mc, each piece separately would probably be explosive as
soon as it entered the tom~e~~Ogn~C~eO~$q~ synchronization would
be required, It seems worthwhile tio~ntic%tigate whether nresont
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vere restrictions on the mass of t.
vented by using pieces of shape more diffi
ample a flat pzate of actual material tamped on only one side, has
a minimum thickness below which it can-no longer support a chain
reaction, no matter how large its area, because of neutron leak-
cge across the untgmped surface~ If two such plates were slid
together, un~amped surfaces in contact, the resulting arrangement
could be,weli 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 a well tamped
sphcroi,d,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 Qpd 50 cm in diameter were sliced in half, each
pieco wouldbe sub-critical though the total mass, 250 Kg, is 12
times the critical mass. The efficiency of such an arrangement

-;y~.J
would be quite good, since the’ex-
pansion tends to ~ring the material
more and more nearly into a spher-

.. icnl shape. s 3 g ~--
Thus there are many ordnance questions we would like to~$ ~:<

have answered. We would like to know how well guns can be syn2~s $]
chronized. We shall need information about the possibilities ~ $ $:
of firi,ng other than cylindrical shapes at lower velocities. l%~fi~
we shall need to know the mechanical effects of the blast wav~~ti~?;
proceeding the projectile in the gun barrel. Also whether thq ~ YC
projectile can be made t~ seat itself properly and whether a g$$~;~
ton of”inactive material may be,used to drive the active matenl~? I
into place, this being desirable becauso thus the active mate#~l#
might bo kept out of the gun bcmrel which to some extent acts~~,
a tamper.

1Various other sheeting arrangements have been suggeste ,
as y&t not careful

\ ......

For example it has been sugg~t~at the pieces might be mou~to
oq a ring as in the sketch. Zf explosive material wore distrib-
uted mound tho ring and fired the pieces would be blown inward
to form a sphere.

Another more likely possibility i.st~ have the sphere as-
sembled but with a wedge of neutron-absmbing material built into
it, which on firing wmld be blown gut by an explosive charge
cau”sing’~’ tb go from less than unity to more than unity. Hero
the difficulty lies in the fact that no material is knmn whose
absorption coefficient for tas& meu~~~s:i} much larger than the
mission coefficient of the”cbo$b~~a~e~ax.: Hence the absorbing
PIUR will need to have a v&lun~. Ca@afizbXe*to that of the abscmb-

d ,’
-w

~r ~nd yhen removed wl.11loO~v~o$h~ ~oqtjye.rnaterialin an unfav-
orable cmfiguratim, equi~~qnt:t$o:a :.l~:mean density.

●: :9 c ●-.-.....;” .’ ::0..+.- IL -*.“a~-+’--.“e
,J[~~fi5>!r!LlJ ~ UMLA$SIFIED—.,..
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‘The term ~’aut~cctalyticmeth~d” is being <seal to describe
any arr~.ngement in which the m~tians of material produced by the

# reaction will act,,at least for a time,-> to increase~’ rather than
to decrease it> Evidently if arrangements having this pr~perty
can be developed they would be very valuablp, especially if the
tendency tutiardincreasing U’ was possessed to any marked degree.

$uppose we had an arrangement in which f,~rcxample~~ would
incre~se of its own accord from a low value like 0.01 up to a
value 10 to 50 times greater. The firing problem would be sim-
plified by the low initial value of V’ and the efficiency wm.dd
be maintained by the tendency to dcvelo~ a high value of V’ as
the reaction proceeds. It may be thnt a method of this kind will
be absolutely essential for utilization of 49 owing to tho diffi-
culties of high neutron background fram (w,~ ) reactims with the
impurities as already discussed.

‘>” ”=----”-”-”

c?. .

-The simplest scheme which
might be cmtocatalytic is in-

\.\ dice.tcd in the sketch whero

{\. \
Nn the active material is dis-

posed in a holl~w shell. sup-
pose. that when the firing plug
is in place one hns just the—

a)

criti.ce.lmass for this config-
uration, If .ssthe reaction proceeds the expansim were t~ pro-
ceed only inward it is easy t~ see from diffusim theory that j’

. would incre~.se. ~f czmrse in actual fact it will proceed outward
(tending ta decrease V J) as well aS inward and the o:~:~;~rex-.
pansim would in reality give the dominant effect. , even
if the mtward expansim were very small campared t~ the inward

.y.&d
4

~axpansim it has been calculated that this meth~d gives very low
~:: Oefficiency: with 12 Mc an efficiency of ~nly about 10-9 was cal-
~% ~ ~~culate~~
$~:~E~ ;.Abetter “arrangerncntis the ‘tbor,~nbubblofi a~hemet B1O
::; ‘“: as the largest kn~wn absorption cnuss-section for fast neutrons,

i

~ ~ @ ~~ {~ 52:1~-24 cm2. Suppose we take a large mass ~f nctive material
t,8=4 1$ ~ put in en.mg~ boron t~ make the mass just critical.za~~ The de-...- se iS then fired by adding some mare active,mnterial or tamper.

“ 1 As the reaction proceeds the ~
“.

//;/[ ~ &

~ 0; <’0,.,

+

boron is compressed and is -
‘-u?. &’”: less effective at absarbingti-,.it‘“i

\ Gctive

.\

‘<?’
neutrons than when not com-

This can be seen. ..!
\

—--~{O pressod~

‘\” ‘

!

most readily if one consider j
,.. . the case in which the bubbl ‘ “i

Qd
ro large campa.red to the mean depth in which a neutron goes i ‘

.c~~ :=E .!oron before being absarbed~ Then their effectiveness in remov
%: t ~ ing neUtrms w$31 be proportional to their tOtal area and so ~~1~

drop on c~mpressi.on. Hence V{ will increase as the bubbles are

q)
c~mpressed. If the bomb i~ s~ffdci~tifi.~arge this tendency is
bcmnd ta overweigh the oppbo$i~g~jne~d~e $* the general expansion
of the bomb material, since..t~e.Nistitw.e:.thoedge of the bomb must
nOVO to pr~ducc a gkvcn dc~re~~e@iqOoVfoi~creoses withthe r us

%
of the ’bomb, whereas for a:}a~g~”~ombe:thd distance the edge f.~.

● .amOe 9**
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bubble ~must mave is unchanged, <.

since it is not nece~sary to in-
cret-sethe radius of the bubbles but only ta use mgro of~themt

“*
3 jThe density of particles (eloctrans plus nuclei) in baron

is 8.3x 1023 perticle/cm3 while in uratium it is more t~an 5
times greatore ~herefare as s~an as the reaction has proceeded
t~ thep?int where there is a high degree of ionization ~nd the
materi~l behaves as a gas there will be a great action to c~m-
press the harm, An apposing tendency to the one desired will be

or turbulence acting t~ mix the boran unif~~mly with
but the time scale is t~o short for this tojbe ef-

‘ective~t cm be shown that if initially ~’= (j, all~wing for the
baran absorption, and if no exprtnsicm of the outer edge occurs
then VI will rise. to V)ti L($-/j by comprebstm of the.bar~n.
This scheme requires at le%st five times the critical mass f~r
no bcmtin,and the efficiency is law unless cmsiderqbly m~re is
used.

If nne uses just that amount of bornn which makes twice the
n~-harm critical mass be just critical, then the efficiency is
lower by a factor at least 30.

‘All aut~catalytic schc;fiesthat have been th>ught of sa far
require large mnounts ~f &ctive m~.tcrial, are low in efficiency

c)

unless very large amounts are used, and are $angeraus t.]handle. -
Some bright ideas are needed.

,,
. 22. Conclusion
-T

Fr~m the preceed~ng outline we see that tho immediate ex-
perimental program is largely cmccrned with measuring the neutran

f
roperties of various mc.torials, and with the ordnance problem.
t is KLso nccossary to stert now studies n techniques for direct

experimc+ntal determination of critical size and time scale, wOrk-
ing with large :fi$$:m?ub-criticalamounts of active material,
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