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

'iI.D weeks of April 1943, as an "indoctrination course'

m i in connection with the starting of the Las Alamos
o Project. The notes were written up by E. U. Condon,

ﬁ(’;@r ii ‘2' l. Object

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 in one or more of the
materials known to show nuclear fission.

2. Energy of Fission Process

The direct energy release in the fission process is
of,the order of 170 MEV per atom. This 1s considerably more than
10 times the heat of reaction per atpm in ordinary combustion pro-
cesses. .
This is 170:106+4,8+10"10/300 =2,7-10"% erg/nucleus.

', Since the weight of 1 nucleus of 25 is 3.88:10"22 gram/nucleus the
energy relecase 1is
741017 e{%/gram .
The energy release in TNT is 4°1010 erg/gram or 3.6°1016 erg/ton.
Hence -
' 1 kg of 25 2~ 20000 tons of TNT .

3. Fast Neutron Chain Reaction

Release of this energy in a large scale way is a
possibility Wecause of the fact that in each fission process, which B
requires a neutron to produce it, two neutrons are released. Con-
sider a very great mess of active material, so great that no neutrons
are lost through the.surfacc and assume thc material so pure that
‘nmo neutrons are lost in other ways than by fission. One neutron
released in the mass would become 2 after the first fission, cach
of thesc would produce 2 aftcr they cach had producecd fission so
in the nth generation of neutrons thcere would be 2R neutrons avail-

able.

Since in 1 kg. of 25 there are 5-1?25 nuclei it would
require about n= 80 gcnerations ( 280 oy 5:1025 ) to fish the whole
kilogram,

- While this is going on the encrgy reclcase is making
v the material very hot, developing great pressure and hence tend-
ing to cause an exposion. '
In an actual finjge,.gctpp,, some neutrons arc lost by
‘) diffusion out through the surifades Thereiwill be therefore~i-€fertain
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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, increasing the required minimum size faster than the actual
size increases.

The whole question of whether an effective explosion
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 3% 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 1% is released the mean speed
of the nuclear particles is of the order of 108 cm/sec. Expansion
of 2 few ccntimetcrs wvill stop the 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 LEV ncutron is about I:4+10%m/sec
end the mean free path between fissions is about 13 an so the mean
time betwcen fissions is about 10-8 sec. Since onlythe last
few generations will release enough cnergy to produce much expan-
sion, 1t is just possiblc for tho reaction to occur to an interest-
ing extent before it is stopped by the spreading of the active
matcrial .

Slow neutrons cannot play an essential role in an
explosion process since they require sbout a microsecondto be
slowed down in hydrogcnic materials and the explosion is all over
before they are slowed down.

4. Fission Cross-sections

The materials in question are U§§5=25,.U8%8=28 and

element 94239~ 49 and some others of lesser interest.

Ordinary uranium as It occurs in nature contains about
1/140 of 25, the rest being 28 except for a very smallamount of 24.

Thc nuclear cross-section for fission of the two kinds
of U and of 49 is shown roughly in Fig. 1 where J; is plotted
against the log of the incident neutron's energg. W see that 25
has a cross-section of about ¢; &z 1.5°10"<% om? for neutron energies
exceeding 0.5 MEV and rises to much higher values at low ncutron en-
ergies (gr= 640:10-24 cm? for thermal neutrons). For 28 however a
threshold energy of 1 MBV occurs below which Tz = O. Abovs the
threshold o, Ts fairly constant and equal to 0.7-10"2% cm

(Fig. 1 on next page)
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(thermal) log neutron encrgy in EV.

5. Neutron Spcctrum

‘In Fig. 2 1s shown the cnergy distribution of the
ncutrons rclcascd in the fission proccss. The mcan energy is about
2 WEV but a&n appreciade fracticn of the ncutrons rclcascd have less
than 1 MEV of cnergy and so arc unable to produce fission in 28.

One can give o quite satisfectory interpretation of
the cnergy distribution in Fig. 2 by supposing it to result from
evaporstion of ncutrons from thc fission product nucleci with s tem-
perature of about + MEV. Such a liaxwellian velocity distribution
is to be relative to the moving fission product nuclei giving rise
to a curve like Fig. 2.

(Fig. 2 on next page)
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6. Neutron numbor

The average number of neutrons produccd per fission
is denoted by O . It is not known whecther 5 has the same value for
fission processes in different materials, induced by fast or slow
neutrons o»* sccurring spontaneously.
The best value at present is
v= 2.2 + 0,2
although a value V= 3 has bcen roported for spontaneous fission.

7. Noutron capture

When neutrons are in uranium they are also caused to
disappear by another process represcnted by the equation
A 28 %4 n — 2¢ +-
The resulting element 29 undergocs two successive transformations
into elemcnts 39 and 49. The occurrcnce of this process in 28 acts
. to consume neutrons and works against thc possibility of a fast .
re ncutron chain rcaction in matcrial containing 23. -
- It is"-this serics of rcactions, occurring in a slow
. neutron fission pile; which g tycesbasd sgofe o project for laprge
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i 8. Why ordinary U is safe /’/

Ordinery U, containing only 1/140 of 25, is safe
against a fast neutron chain because, (ag only 3/4 of the neutrons
from a fission have encrgies above the threshold of 28, (b) only
4+ of the ncutrons cscape being slowed bclow 1 MEV, the 28 threshold
beforc they make a fission,
So the effective neutron multiplication number in 28 is

vy =~ 3/4x1/4 x 2,2 == 0.4
Evidently a value greater than 1 is nceded for a chain rcaction.
Hence a contribution of at lesst 0.6 is needed from the fissionability
of the 25 constitucnt. One can estimste that the fraction of 25
must be increcased at least 10-fold to make an explosive rcaction
possible.
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9. Matecrial 49

As mentioned above this material is prepared from
the neutron capture reaction in 28. So far only microgram quantities
have becn produced so bulk physical properties of this element are
not known. Also its ) value has not been measured. Its ¢ has
been measured and found to be about twice that of 25 over the whole

_energy range. It is strongly X-radioactive with a half-life of

about 20000 years.

Sincc there is every rcason to expect its V to be
close to that for U and since it is fissionable with slow necutrons
it is expected to be suitable for our problem and another projcct
is going forward with plans to produce it for us in kilogram quan-
tities.

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

10. Simplest Estimatc of Minimum Size of Bomb

Let us considcr a homogencous material in which the
ncutron number is \) and thc meen-time between fissions is 7. In

Sec. 3 we estimrted T= ~. 10-Sscc. for ursnium. Then if N is the
number of neutrons in unit volume we heve
. oA = V=)
o N + div 3 = — N

The term on the right is the net rate of generation of neutrons in
unit volume. The first term on the left is the rate of increase
of ncutron density. In the second term on the left § is the net
diffusion current stream of the neutrons (net number "of neutrons
crossing 1 em? in 1 sec across a plene oriented in such a way that
this net number is maximum).

In ordinary diffusion thcory (which is valid only
when 'all dimensions of boundaries arc largo compnred to the mean

. free path of the diffusing pantigles -, g..caondition not fulfilled

in our case) the diffusion cinrcﬁt.is prbpbftional To the gradient
of N, .- .
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Assume a solution whose time dependence is of the form
/
N = N, (x4, 2) e VYT

where Vv’ 1is called the "effective neutron number". The equation
to be satisfied by N, 1is o/ .
AN, + ;D:Y'/\’,*fO v
together with e boundary condition. In the simple casc in which we
are dealing with a sphere of radius R, we may suppose that N, 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 che mean free path's
T not being small compared with R, but this will not be considered
here). For spherical symmetry the equation for N, has the solution

N.(r)y = Sh(Tr/R)
provided that wﬂ has the wvalue r
v'i= (v-p — TDT/RY
This shows that in an infinitely large sphere the neutron density
!l’ would build up with the time constant (V-1)/v . Smaller spheres

build up less rapidly. Any sphere so smell that v/£ O 1s one for
which the neutrons leak out the surface so rapidly that an initial

. density will die out rather than build up. Hence the critical rad-
ius is given by 2
€ 721' et _E:_ZZZ; UED
¢ vV —1

Now D is given by D=1v/3 where * is the transport
mean free path, * = 1/nd; , n is the number of nucleil per cc and

i = [az + If o (1-ces B)aw |
which brings out the reason for measurements of the angular scatter-
ing of neutrons in U, In metallic U we have

¢ ‘j; = 4’ - 10 s cwn?.
which, for a density of 19 gm/cmS, gives =5 cm.
Also _ 7
1
T: - -’L __g:_ 2 —_ 7(7' O-
Y\U};’U" ' v D¢ So T DT"‘ 3 £1' 35 =220,
. £
Therefore ' 2 29720
- ) o A ,RC - 3 = 123 gand Re = 13,5 em
Ry A}
The critical volume is thereforc 10.5¢10% em3 giving a critical .
.’ mass of 200 kilograms.
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“Ta'ving thasn re : .
| mombes cf the prg QevnoFmewmchhmmghow that 1if thc'gadget hes the shape of a
, ,w'u:hcuts,.;aci?ic/l';f' Cion. cube, 0<x<LQ, O<y<a, (<7LA, that the critical
o / value of a is given by a = V3 Re
Hence the critical mass for a cubicsl shapo is
35/7./4,“ = /.24 timcs as greact as for a sbhere.

This dasignate’d “LIMITED" § ,» Q3is

-h informat

. The value of the critical mess is, however, con-
siderebly overestimatcd by the elementery diffusion thcory. The more
cxact diffusion thcory cllowing for the long frce path drops Re by a

factor about 2/3 giving
Re ~ D en M ~ 6O kg & 25,
The elemcntary treatment just given indicsates the
dependence of M¢ on the principa% constants
-
Me ~ et Loy crt(wﬂjﬂ;-
For R+ R_we have the time dependence of

where is the density.
neut#o multiplication given by (v-ﬂfﬁi1—\§§f}//7'

Hence for a sphere of twice the critical mass the time_constant,
for multiplication of neutron density byeis 2.4 x 1078 sec.

@
11, Effect of Tampcr

If we surround the core of active material by a

shell of inactive material thc shell will roflect some neutrons
which would otherwise escape. Therefore a smaller quantity of
The

active material will be cnough to give rise to an explosion.
surrounding case is called a temper.

The tampor material serves not only to retard the
escape of neutrons but also by its inkrtia to retard the expansion of

g25s
EE@E the active material. (The retardation providcd by the tensile
g?ﬁf strength of the ctse is negligible.) For the lattor purpose it is
§§£f desirable to usc the donsest availeble materials (M, W, Re, U)s Pre=
%553 sent evidence indicates that for neutron reflecting properties also,
.gggj; one cannot do better than usc these heavy clements. Necdless to szy,
giagg i a greit dcal of work will have to bc done on the properties of tamper
$28%3 -meterials.
£39se Wo will now analyze the offect of tamper by the
§55.§ ~"same approximate diffusion theory that was uged in the preceding
géggj ‘. gection, Let D!/ be the diffusion coefficient for fast neutrons
§?§§3 in the tamper material and suppose the lifetime of a neautron in the
3-%%‘-5'5 I‘ . Here o = T\'U}’“‘,/‘Y\G’f. , with M’ the nuc-
£E85:¢ d\lear density of the tamper and o, its capture c¢ross-section. If
" the temper material is itself fisglonable ( U tamper) the absorption
coefficient is reduced by 3 fagtors (:1 &a&), with Vithe number of
“~- neutrons Produced per capfurd, s i 0 38 —
At the boundalry YetWeén active material and tamper,
the diffusion stream of n¥utirdns. ftsg:hd, continuous so
- \UNCLASSIFIED
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B In the tamper the equation for neutron density is
! N = DAN — =N
or» for the spatial dependence,
Vi+ —
AN, — S5 Ny = o

As an easy special case suppose the tamper has the
same neutron diffusion coefficient as the active materiesl (i.e. the
same mean free path) but has no absorption, so « =0. Then under
critical conditions (\V‘%=0) we have

N, = A/r + B
in the tamper material snd ..
San K1

N, = T
in the active material, ,
At the outecr boundary of the tamper, r = R , we

must have N, = 0 hence
/ / /
Aﬂ = /4 ('F‘ - ﬁﬂ \

On each side of the boundary r = R between active material and tamper

'. material, the slopes must be equal so, equating the densitics and
slopes on both sides of the boundary we find the following cquation
to determine k,

. R/R .
) 2R s "R —+ sm BRR =0
A l— R/r/
' In the 1limit of a very large temper radius R/-—>w0
this reéquires that £ = ﬂ_/ZR

which 1s just half the velue it had in the case of the untampered
gadget, Hence the critical mass needecd is one-eighth as much as for
the bare bomb.

Actuelly on better theory the improvement is not
as great as this becnuse the edge cffect (correction for long free
path) is not as big in this case as in the bsrc bomb. Hencc the
improvement of non-absorptive equal diffusion tamper over the critical
mess, both handled by more accurate diffusion theory only turns out
to be a factor of four instesd of cight.

‘Exercise:

onsider a non-cbsorptive tamper material for
whicht dhlrediffusion cocfficient D’ is small com-
. i h.hmmmemsR&QQ&nﬂwim. In the 1imit if D/= O, no ncutrons
WMHﬁmmuan|ﬁ{ﬂyé{nm&gulﬂmoﬁdape from the active material by diffusion,
fmmabﬂ‘=“3”“' s T80 vbhosoPitical rodiug.wenld vanish and any amount
‘ « e . .- _En Qr &:gﬂdlmti‘v“e[yésﬁ.ei “&ulé E.G :e)!plosive O
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’R§U=gbt an idea of the Jafprovement obtainable

rpm per material of shorter mean fr?e path
SCEynr S Mhan, ! h% dctive material show that if D/ = 4D '
3 . then the eritical mass is 1/2.40 times what it is

in the case of thick tamper (R/= o0 ) if D’= D,

From this we sece that it would be very much worth

while to find tamper materials of low dif'fusion

coefficient.

(It turns out that x =%%®R 1is a root of
X cos x = {(14-D/D) Sin X
which is 1.17 approximately when D’/D = 0.5.)

If the tamper material is absorptive then the
neutron density in it will fall off 1like —-kf//r,
instead of 1/r which tends to make the C“ltTCal mass greater than

-1f the tamper did not absorb.

The distance thc neutrons gset into the tamper
isg 1/#2 < o’ 3“ v) where 07 is the mean free path and § the number
of 0011131ons before capture. Guessing s~ 20 this gives, with

L’ =5cw, an effective tamper thickness ~v 1%cm. For a U tamper
Ve ™~ 0.6 s -and the effective thickness is raised to 17 cm. These
.' figures give an idea of the tamper thickness sctually required; the
welght of the tamper is about a ton.

For a normal U tamper the best available calcula-

v tions give R, = 6 cm and M. = 15 Kg of 25 while with AW tamper
M. = 22 kg of 25,

The critical mass for 49 might be, because of its
larger fission cross section, less than that of 25 by about a fac-
tor 3. So for 49

M_ =z 5 Kg for U tamper
M~_ 7.5 Kg for Au temper.

e - Thecse 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, clastic and inelastic cross
scctions, overall cxperiments on t?mpcr materials. Finally how-
ever, when materials are available, the critical masses will have
to be determincd by actual test.

12. Damage UNC[ASS‘HED

Several kinds of damage will be caused by the

bomb- T
- “AA very large number of neutrons is released in
4 the explosion.- One can cstimete a radius of about 1000 yards around
the site of explosion as the size of the region in which the neutron
‘. concentration is great enspamk $o 1rqduee, severc pathological effects,
sacions! Enough rafiidadtive Jendcricl is produced_that the

tatﬁ Mﬁbkiaity will be of'+sthés sndor o€ 4306 curics even after 10 days.
nﬁﬁfamun: t ot UGffect this W1Ll hayc.in.ncnderl 2O ocallty uninhabi-
) 2muw\“xa B&%L pends greatly onovcry yncorta;n <a —r ub the way in

o tha 1ever n is 0! e o - )
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Vithout sae f7khdas 1is disp&rsed by the explosi However the total

of radioactivity produced, as wecll as the total number

' of neutrons, is e¢vidently proportional just to the numbcr of
fission processes, or to the total cnergy rcleased.

The mechanicel cxplosion damage 1s caused by

the blast or shock wave. The explosion starts acoustic weves in
the alr which travel with the acoustic velocity, ¢, superposcd
on the volocity u of the mass motion with which material is con-
vected out from the center. Since ¢~ y7 whore T 1is the abso-
lute temperaturc and since both u and ¢ are grecater farther vack
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-
tielly discontinuous in both prcssurc and dcnsity.
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It has bcen shown that in such a wave front the
density just bchind the front riscs abruptly to six times its
" value just ahead of the front. In back of thec front the density
falls down essentially to zero.
If E is the total enecrgy released in tho explosion

. it has been shown that the maximum value of the pressurc in the
¢ wave front varics as 3
P o~ E/r

‘thc maximum pressurc varying as !/r® instcad of thc¢ usual %/PL
becausc the width of the strongly compressed region incrcascs
proportionally to r. _

- This bechavior continues as long as is grcater
than about 2 atmosphcres. At lower prcssurocs there is a transition
to ordinary acoustic behavior the width of the pulsc no longor in-
croasing,

If destructive action may be regerded as measurcd
by the meximum pressure amplitude, it follows that the radius of
dostructive action produccd by an explosion varics as 3/F .

Now in a % ton bomb, containing % ton of TNT thc destructive radius
is of the order of 150 feet. Hencc in & bomb equivalent to 100000
tons of TNT (or 5 kg of activc material totally co?vertqgl onc

would expect a destructive radius of the order of 3/, ., - £
fect or about 2 miles. VA00e 0 %50 =11x10

This points roughly to the kind of results which
may be expected”from a dovi&p of the kind we hope to make. Since
the one factor thit determines the doamage is the cnergy release,

our aim is simply to get as much energy, from the explogion as we
‘l’ can. And since the matewlyls We 33§ arg very precious, ge are
_constrained to do this WiEP asi*hi h:hn;ﬁfficiency as is_.pdssible,
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As remarked in Sec., 3, the material tends to
blow apart as the recaction proceeds, and this tends to stop the
reactlon.s In general then the reaction will not go to completion
in an actual gadget. The fraction of energy rcleased rclative to
that which would be released if ell active material were trans-
formed is called the efficiency.

Let R¢,= critical radius figured for normal den-
sity 0o, 2lso Re 1initial radius and R = radius at a perticular
instant. Assume homogoneous expansion. Then the density when

- expanded is Q = 0, ( Re / RY")

~and the critical radius RC fi/gured with the actual dcnsity Q is
Re = Reo (267 @)

The rcaction will procecd until cxpansion hds gone so far that
Ro. = R. Therefore the radius R_at which expansion stops is

given by R/Rs = ;;ml?(.o

Since the ratio of ROI’RQU 1s equel to the cube root of the ratio
of M, , the actual active mass, to M, the critical mass we see

that
“ .
7\'/7"20 = ‘{/vMo/McQ
O) and therefore a gad%et having twice the critical mass will expand

to a radius only €/, = (. |2 times its original radius before
the recaction stops. .

The next problom is to find a simple exprcssion
for the time taken for this cxpansion to occur, since we alrcady
know how to calculate thc time constant V//7-of the reaction. Of
course V’/ 1is not a constant during the expansion since its value
depends on the radius but this point will be ignorcd at first.

: At a place whore we have N ncutrons/cmd therc
will be N/ fissions/emd sec and therefore if £ 1s the energy
release in erg/fission the volumec rate of energy generation is
. (E/TIN . Hencec thet total encrgy released in unit volume
ctween time —o a "tfT
[ ime nd time is W = (S/V/)Nevt/l

Mog& of this encrgy goes at once into kinetic
cnergy of the fission fragments which are quickly brought to rest
in the material by communication of their energy largely to thermal
kinetic cnergy of motion to the othcr atoms of the active stuff.
The course of events is shown in Fig, 3. The

units on the scele of abscissas arc units of v”t/7' . If there

was no expansion, and if the ratc of reaction toward the cnd was
not slowed down by depletion of active material, then the cncrgy
releascd up to a given time in crg/ecmd would be given by the values

-4 on the upper logarithmic scale. Tho pleces on this scale.marken.
100%, 10% and 1% respectively show the energy releascd in unit vol-
" ume for these thrce values, eft thosefifigiency. A second logarithmic
scale. showg Itl")hc;mg;r_\owth of.’th:‘; heullrdn density with time under these
c,w.;&ss-umpt’i.’ @: e‘:,“.:“mngohhe ®ee 000 00 s20 Seo s0° L -~
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' t can be calculnted that the pressure in atmos-
fiﬁ“VéFT'roughly like the values given on the third scale,
. point just below 1017 erg/cmd ovolved the radiation pressure
. is equal to the gas_prcssure, after that radiation pressurc pre-

dominetes. Near 101 er'g/cm:’5 i1s the place whore the solid melts
so up to this time nothing very drastic has happené¢d - the impor-
tant phenomena occur in the next 20 units of y't /7
Very roughly we may estime te, as follows for
masses not much larger then the critical mass, the combination of
factors on which the efficiency depends: In a time of the order
[y’ the material moves from R to R so acquires a velocity

V o~ (v/T) (R- Ro)

R—-—KHp —= LQRCO

The kinetic energy pcr grem thet is acquircd by the meterial is
Ur/2 o~ g (VT T RE

The total energy released_is grestor in the order P\/“)Odbr

or 2/3A . Let €, =7.1017 crg/grom be the energy release for

complete conversion then the efficiency is of the order

£ = (V¥eT)(%4) P, (2/3&)
(e V'E/e T) Rio o~

o
Writing R_= R¢,(1+ ) we find that

or

For an untempered gadgct

‘. giving v/ x 2(\)—1)&
f= = - )" R
; ~ .a"rl i
Putting in the known constanmty—" T .
fing & T T 107 T= 107 Re =
we fin

= Ko ok o w o=

If this very rough ctalculation is replaced by
a rnore accurate one the only change is to alter the valuc of the
cocfficient W.K.The calculations are not yet complete, but the
truc value is probably K=~ ++ L .
. Hence for a mass that is twice the critical mass,
Re = VGZ Ke so a7 0.25and the cfficiency comes out less
than 1%. We see that the efficiency is extremely low even when
this much valuable material is used.
. Notice that 7~ varies inversely as the velocity
of the neutrons, Hence it is adventageous for the neutrons to be
fast. The efficiency depends on the nuclear properties through

the f K -
e factors _§ — YT (Vv-1) O AS

. where V 1s the mcan speed of the J%utrons aﬁd the other symbols
-1 are already defined.
Ep the above trcatment we have considered only
" the effect of the“deneral gxygansioge of $he bomb material, There
is an additional cffect whfcR yndk to 8%op the rcaction: as the .
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However the formula for the efficiency chn be shown to be un-
changed in form; the edge expansion manifests itself simply in

& reduction in the constant K. The effect of blowing off the edge
has been already taken into account in the more accurace estimate
of K given sabove.

14, Effect of Tamper on Efficiency

For a given mass of active material, tamper always
increases efficiency. It acts both to reflect neutrons tsesck into
the active material and by its inertia to slow the exparsion thus
giving opportunity for the reaction to proceed farther tefore it
is stopped by the expansion,

However the increase in ~fficiency given by a good
tnamper 1s not as large as one might juige simply from the rcdvc-
tion in the eritical mass produced by the ctamper. This is duc
to the fact that the neutrons which are 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 vhere
one has to rely on the slowest neutrons to keep the chain goinrg,
now becomes effectively thec lifetime of neutrons in the tampct,
rather than the lifetime in the bomb. The lifetime of neutrons
in a U tamper is~~{0"%, 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 use. _

One can get a-picture of the effect of tamper on
efficiency from Fig., 4, in which U y/is plotted against bomb
radius for various tamper materials. The time mcale is given by

T/’ ; the efficiency, as we have seen in the prececeding
section, is inversely proportional to the square of the time
scale, Thus o ~  ,(z.

Fig. 4.
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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 u’ vs.R curve near
g VW =0. 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 1s using 4 M~ and the
U tamper, then only about 15% more active material is needed
to get the same energy relcase with a gold tamper, although the
criticel masses differ by 50%.
In addition to reflecting neutrons, the tawpir
ais> inhibits the tendency of the edge of ithe bomb to blow of'f,
The edge expands into the tamper matcrial, starting a shock
wave which compresses the tamper matecrisl sixteenfold. These
odge effects as remarked in Sec. 13 always act to reduce the
factor K in the formula, f =K /\3,but not by as great an amount
ir. the case of tamped bomb as in the casec of the untamped bomb.

15, Detonation

. Before firing, the active material must be cis-
posed in such_g way that the effective neutron number )/ 1is
8»cless than ugity., The act of firing consists in producing a re-

arrangemont such that after the rearrangement y/ 1s 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
considergbly greater than the critical in order to get appreciable
efficiency.

For any proposed type of rearrangement we may in-

troduce a coordinateryg which changes from O to 1 as the rear-
rangement of parts proceeds from its initial to its final value.

VI

Schematically v/ wili vary with g( along some such curve as is

- indicated in the sketch, Since the rearrangement proceecds at a

finite speed there will be a finite time interval during which
v/ though positive is much smaller than its final value, 4ia

" ¢onsidered in .mére dctni’i 3t t:cr'&:.’n e'will always_ be some un-
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avoidable sources of neutrons in the active material. In any
gocheme of rearrangement some feirly massive amount of material
willl have to be moved a distance of the order of K¢ ~ 10 em.
. Assuming a speed of 3000 ft/sec can be imparted with some type
of gun this mcans that the time it takes to put the pieces of
the bomb together is ~n’ 10-% gec., Since the whole explosion:
is over in a time~7§77w7’£isec, we see that, except ror very
smallv’(v’<pl), an explosidn started by a premature nouvtron
will be all finished before there is time for the pieces to move
an appreciable distance. Thus if neutron multiplicatior. hanpens
to start before the plcces reach their final configuratica ~n ex-
plosion will occur tQat is of lower efficicncy correspecnding to
tho lower value of v’ at the instant of explosion.,

To avoid prcdetonation it is therefore ncceasary

co keep the neutron background as low &8 pocsible and to effect
the rearrangement as rapidly as possible.

16, Probability of Predetonation

Since it will be clearly impossible to reduce the
neutron background rigorously to zero, there will always be some
chence of predetonation. In this section we try to see how great
this chance is in order to see how this affects the firing procb-
len.

"’ The chance of predetonation is dependent on the

likelihood of a neutron appearing in the active mass while V’ is
still small and on the likelihood that such a neutron will really
set off a chain reaction. With just a single necutron relersed
when y/>elt 1s by no means certain that 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 =

little gambling problem. In tossing loaded coins suppose p is

the probability of winning and q that of losing., Let P, Dbe the

probability of losing 811 of an initial stock of n coins. On the

first toss either one wins and thus has (n + 1) coins or loses ond
thus has (n - 1) coins. Hence the probatjlity Py, 1s given by
pr\ = pr‘l)“+‘ ~+ Ci rph_'

the solution of which is >

Pn = (‘i /]"\h .

Identifying this with the neutron multiplication problem one can

show that 4/p = |- v/, Hence the probability of not starting
a chain reaction with one neutron is (1 - v’) or v’/-is the prob-

ability that any one neutron will start a chain reaction,

i Suppose now that there is a source of N neutron/
sec, Let‘P(E)be the probability of not getting a predetonation
up to the instant t. In the interval dt we have ey

Tuly- dP = —Ndt yr P
On the lelt the first three factors together give the probability

P of going offm time dt, ang,the . fachor P is the probability of not

‘. having had a*pred:tonattdn urt_tos that: $ime, i

~Near thesjalye .y !5 &, Né may suppose thabise

-
linearly W,};}"? fime, v/= @T. Hence, integrating the,gli“?ﬁ@@ial
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’. membe ~ E 15 the number of neutrons expected in the interval
be%fieen t == 0, when y/= 0, and the time when the multiplication
number has reached the value v/, Evidently for a particular
type of firing rearrangement ¥ will vary inversely as the veloc-
ity with which the firing rearrangement is carried out.

i . For cxample consider a bomb whose mass is between
two and three critical masses, for which the finel valuc of V/ is
0.3 and suppose that N = 104 neutrons/scc from unavoidable
sources, Also suppose that one plece must move d = 10 cm from
the v/ = 0.0 configuration to the finalVv/ = 0.3 configuration.
Suppose that this piece has a velocity of 109 cm/sec then ¥ = 1
and P = e?*'O.LQ

so there is approximately a 15% chance of predetonation.

i - This is the chang¢e of predetonction any time up to
thet at which the final value of VvV’ is reached., In this example
the exponent is small enough that the chance of predotonation,

(1 - P), is given by the linear apProximation.

Since the efficiency varies as y/3 one will get an oxplosion of
"less than § of the maximum if it goes off before v/ has rcached

the value 0.3/V4§ = 0.19 , Hence the probability of an explosion

giving less than 25% of the maximum value 1is

" ’ (.l9/.331x,|5 = 6 Yo

The example serves to indicate the importance of
taking great pains to get the least possible neutron background,
N and of shooting the firing rearrangement with the maximum possible
velocity. It scems one should strive for a neutron background
of 10000 neutron/sec or less ond firing velocities of 3000 ft/sec
or more., Bfth of these are difficult~af-attainment.
. . 0

17, Fizzles

_ The question now arisess what if by bad luck or be-
cause the neutron background is very high, the bomb goes off when
v/ 1s very close to zero? It is important to know whether the
enemy will have an opportunity to inspect the remains and recover

,the material, We shall gee that this 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 that for
very smallV’ (v/<.¢/), the explosion takes so long that the
pleces do have time to move.an appreciable distance before the
reaction ends. Thus even if a ncutron enters and starts a chain
just when V/= O there will be time for U/ to rise to a positive
. value, and give an efficiency small, but greater than zero.
- ) <-» 74 Suppose, then, that a neutron is released when
V=0, . The number of neutrons builds up according to, the equa-

, tion . r-een o oq o
@ e L= vy UNCLASS)
sefaligiccl %’Eroximatidﬁ. we, day.isunpdse V/ varies lineariy®
galanaex the pleces move from the point where Y’ = gt
e o T T O L) T
V' 1s the value df:ﬁ‘when:thb:pleces reach their -fin&l op-
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" T::::l;irts(‘ . . W’;;{n of the same laboratory, ‘. :,;1-:7!
w“hmtq§§$Zi c&ﬁ?ﬁg wration, and Cio is the distaﬂ;e to reach this config-
uration. If the velocity of fire is v, we heve x==vVvt,
E - An V= [ prmar = & Yol ¢n
Suppose the reaction continues until about 1022

neutrons are_produccd which would corrcspo-nd to an energy pro-
duction equivalent to 100 tons of TNT. -Then, at the end of the

reaction Ln /\/ _ ’@V\'/O?z ~ 50,

(We can check this assumption after we have completed our esti-

mate of the energy rclease. However, since the final number of

neutroﬁs enters onlfy in the logarithm of a large numbex, our re-
sult 'fs quite insenditive to what we take for N at this point.)

Thus the reaction ends when

‘_‘l“z:SO 7 . zlL?_/COd_.‘ép_z \)/‘V -
UUT . v X _.U - \)o - Odo

e

: | " —
: N =)0 2 T
The efficiency is yT V;\\ 1OV Vo aa

. ’ ‘ ~ I 13 _ \)3/2-( =
: - ) 5: >3 - SJO (8] do \
.. Using the same figures as in the precceding section N
(Vo=.3 V= (¢%, dp=t0)We find £ = (077

The mass of 25 in the bomb is about 40 kg. The mass uscd up is
thus ¢ % g » 10 —$03kb and the energy relecse is .003 x 20000=
60 tons of TNT equivalent ample to destroy the bomb.

18, Detonating Source

To avoid predotonation we must make sure that there

is only a small probability of a neutron appearing while the
pleces of the bomb are being put togcther., 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 pleces have a chance
to seperate or break. It may be possible to moke the projectile S
seat and stay in the desiréd position. Failing in this, or in
any event as extra insurance, another p0331b111ty i1s to provide
8 strong neutron source which becomes active as soon as the
pleces come intos position, For example one might use a Ra.+13&,
source in which the Rq is on one piece and the Beon the other so
neutrons are only produced when the pieces are close to the pro-
per relative p031tlon.

X We can easily estimate the strength of source re-

- qQuired, After the source starts working, we want & high probabil-
ity of detonation before the pieces have time to move more than
say 1 cm. This means that N Jthe, ngutrons/sec from the source
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This is the yield from 1 gr K@ intimately mixed
: with beryllium, Hence it might bc necessary to rise several
grems of radium since it will probably not be used efficiently
in this type of source, ‘
Some other substance such as polonium that is
not so -active as radium will probably prove morc satisfactory.
Evidently a _source of this strength that can be
activated within about 10~5 gec and is mechanicelly rugged enosugh
to stand the shocks associated with firing presents a difficult
problen.

19, Neutron Backgrpund

: There arc three recognized ssurces of neutrons
which provide the background which gives rise to danger of
predetonation: (a) cosmic ray neutrons, (b) spontaneous fission,
(¢c) nuclear reactions which produce neutrns.
(a) Cosmic Rays. Tho number of cosmic ray neutrons

1s about 1 per cm< per minute which is too few to be of any im-
portance, , _

| - -~ {b)_Spontaneous fission. The spnntanesus fission
rate is known gnly for 28 which is responsible 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% '3b04-s IS nzwuﬁTnS//#g sec,
2§ » <‘So »

- < = I} < 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
as 28, a 40 kg bomb would have a background from this source of
600 neutron/sec. This does not seem difficult to beat.

' But if U 1s 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 background
of several thousand per second from this source.

Thus with a U temper one is faced with the problem
of high velocity firing. In the range of moderately high ef-
flciencies, say 4 M¢ »f active material, it might for this reason
not be worth while to vse a U tamper, since as we Have seen, an
inactive tamper will cost only absrut 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 ts pen-
etrate more than about 5 cm into the tamper anyway,

: (c) Nuclear reactions. The only important reac-
tions are theQ&vgyeactions.oleigthe}ements which might be pre-

sent as impurities. Thé(&)g\npaqtngns have a negligible yield,
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Let us examine what sort of 1limit on light element impurities

in the active material is set by the need of holding down the
neutron background from this source,

The problem is particularly bad for 49 since its
half-life is only 20000 years. 1Its meen 1life is thus 3C000 years
= 1012 gec. _Thus 10 kg-of 49, containing 2.5 x 1025 nuclei
gives 2.5 x 1013 &-particles/sec.

The yield from Rq@ X 's on Be is 1.2 x 10-4 and
the shorter range from N's of 49 as compared with those of RQ
and its equilibrium products will perhaps cut this figure in
half, say 6:10~9, Since the stopping power for 's of these
energies 1s proportional to A where A is the atomic weight,
the stopping power per gram is proportional to 7 A,

If the concentration by weight of Be in the ac-
tive material is C then the yield of neutron/sec is
3/ -~ c v Nu -

/ . 23 e/{
o o ?ghgpeirYo\is the number of ou's per second and
- o * ZHence

> T is the yield.
e to get 10000 neutrons/sec one would nced td have a concen-
trétion given by

tr | .
; S | - - —
3919 25003 6210 - = 10OY
isc~ 1079

iIsy; ol TCourse, a very low concentration of anything in any-
else,

S peLL

3 Ll Y

The yield 4rnps.rapidly as one goes to elements
i glgher atomic weight because of the increased Coulomb barrier,

: i§t 1s unnecegsary to consider 1limits on elements beyond Ca
b - a ng as ordinary standards of purity are maintained.
4 | Experiments on the yields with light elements
g ;ﬁq d:po be done, One can base some rough guesses on the standard
gAigg Yer penetration formules and find the following upper limits
%\' tHe concentration by weight for several 1light elements for
3 \oprqdgetion of 10% neutron/sec/
3%3 3 Li 2 x 10-5 —¢
= Be —1o=7 |0
B 2¢10-6
C | 2.10-4 3
N - 25t
0 2 x 103 3
F 2 x 10-°

% Low yield because only €13 contributes.
¢ (x~n) reaction not energetically possible.
i+t Low yileld because only 017 contributes,

The effect of several 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 an extremgly,difficult problem. And
it seems very probable thofstheineistrion tbaickground will be high
and therefore high velocity firthg Wwill tbe desirable.

With 25 the '3ftha¥tion Ts much more favorable. The
m 24 presenfy*in*hotm¥T U:6ds about 1/10000. If all
24 goes with 25 in the sepufatign ¥rofiiss we shall have 1/100 of
24 in the 25, The lifetime of+*24 &3 F00°times that of 49 so the
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We now consider briefly the problem of the actual mechanics%o
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concentration of impurities in 25 may be 104 times that in 49
for the same background, which is not at all difficult of attain-
ment., .

- To summarize: 49 will be extremely difficult to work with
from the stand-point of neutron background whereas 25 without U
‘tamper will be not very difficult,

20, Shooting

O3
qujau.l

shooting so that the pleces_sare brought together with a relg@tsvl:
velocity of the order of 10° cm/sec or more., This is the ‘
of the job about which we know least at present.

~— B,
One way is to use a sphere andgté
shoot into it a cylindrical plig®™
made of some active material anil®
some tamper, as in the sketch, Th
. - avoids fancy shapes and gives the3 }
most favorable shape,for shooting; to the projected piece whosey
mass would be of the order of 100 lbs, 3

: 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 1lb. projectile a muzzle velocity of 3150 ft/sec.g >
The gun wecighs 5 tons. It appears that the ratio of projectile
mass to gun mass is about congtant for different guns so a 100 1b.
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 thore 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 about 1/8 as much total gun weight. Here
the worst difficulty lies in timing the two guns, This can be
partly overcome by using an elongated tamper mass and putting all
tho active meterial in the projectiles so it foes not matter
exactly where they mecet, We have been told thet at present it
would be possible to synchronize so the sprcad in places of im-
gact on variocus shots would be 2 or 3 feet, One sorious restric-

ion imposed by thesc shooting methods is that the mass of active
material that can be gotten together is limited by the fact that
cach plece spparately must be non~explosive. Since the xeparate
pieces are not of the best shape, nor surrounded by the best tam-
per material, one is not limited to two critical masses for the
Sompleted bomb, but might perhaps get as high as four critical
magses, However in the two gun scheme, if the final mass is to
be ~_ 4Mc, each pieco separately would probably be explosive as
soon as it entered the temper, and Rekigr synchronization would
be required., It seoms worthwkile o dindestigate whether present
performance might not be idprdvéy By &, fgctor ten.
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vented by using pieces of shape more diffic@lt to shoot. For cx-
ample a flat plate of cctual material temped on only one side, has
a mimimum thickness below which 1t can no longer support a chain
reaction, no matter how large its area, because of neutron leak=
cge across the untemped surfaces If two such plates were slid
together, unbamped surfaces in contect, the resulting arrangement
could be,well over the critical thickness for a plate tampecd 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
spheroid, whose major axis is five times its minor axis, is only
35% larger than the criticel mass of a sphere, If such a spher-
oid 10 cm thick and 50 cm in diameter were sliced in half, each
plece would be sub-critical though the total mass, 250 Kg, is 12
times the critical mass. The efficiency of such an arrangement

//’ — would be quite good, since the ex-

JASNN —.._. pension tends to Bring the material

(:::EEEE?;/;7 more and more nesrly into a spher-
. ical shape.

Thus there are meny ordnance questions we would like tox
have answered, We would like to know how well guns can be sy
chronized, We shall need information about the possibilities
of firing other then cylindrical shapes at lower veloclities.
we shall need to know the mechanical effects of the blast wav
preceeding the pronjcctile in the gun barrel, Also whether th
projectile can be made to scat itself properly and whether a
ton of inactive material may be used to drive the active mate
into place, this being desirable because thus thc active mate
might be kept out of the gun barrel which to some extent acts J
a tamper.
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For example it has been suggested that the pieces might be mountod ,
on, & ring as in the sketch, If explosive material were distrib- ™
uted around the ring end fired the pieces would be blown inward

to form a sphere,

Another more likely possibility is to have the sphere as-
sembled but with a wedge of neutron-absorbing material built into
it, which on firing would be blown out by an explosive charge
causing )’ t5 go from less than unity to more than unity. Here
the difficulty lies in the fact that no material is known whose
absorption coefficient for fas&:neubpons-iﬁ much larger than the
emission conefficient of the bomb-mateniak.. Hence the absorbing
plug will need to have a volunt. famgartible’ to that of the absorb-
er and when removed will leave the ggtiye,material in an unfav-
orable configuration, equiwpicnt tb.a "13w mean density.
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21, Autocatalytic Methods -3

'The term "eutocatelytic methnd" is being used to describe
any arresngement in which the motions of material produced by the

rcaction will act, at least for a time, to increase V’ rather than
Evidently 1if arrangements having this property

to decrease it,

cen be developed they would be very valuably, especially if the

tendency twward increasing V/ was possessed to any marked degree,
Suppose we had an arrangement in which for example v/ would

increase of its own accord from a low value 1like 0,01 up t5 a

value 10 to 50 t imes groater. The firing problem would be sim-

plified by the low initial value of V' » and thec efficiency would

be maintained by the tendency to dcvelop a high value of V! as
It may be that a method of this kind will

the roaction proceceds.
be cbsolutely essentisl for utilization of 49 owing to the diffie
culties of high neutron background from (> n) reactisns with the
impurities es slrcady discussed,
' - 7T =+ - The simplest scheme which
might be autocatalytic is in-

—
. diceted in the sketch whero
: N the active material is dis-
: posed in a hollow shell. Sup-
: pose that when the firing plug
: . is in place one has just the
' - criticel mass for this config-

uratisn. If as the rezction proceeds the expansion were to pro-
ceed only inward it is ecsy to see from diffusisn theory that V/
would increcse. (If course in acctual foct it will proceed outward
(tending to decrease V') as well as inward and the outword ex-
However, even

pansion would in reality give the d-minant effect.
1f the »utward expansion were very small compered t» the inward

expansion 1t has been calculated that this meth>d gives very low
9 was cal-

£ ¢

K §<>§éfficiency: with 12 Mc an efficiency of »nly absut 10~

- § ¢ Sculated, o

£ eS A better arrangement is the "boron bubble" scheme, BLO

B £ ¢has the largest known sbsorption covss-section for fast neutrons,

KR4 gj : 52f10-2 cm®, Suppose we take 2 large mass of active material

I d put in enough boron to make the mass just critical, The de-

iijg‘ﬁ; se 1s then fired by cdding some more active material or tamper.

S 5w E : . Q As the reaction proceeds the

s 8 S3E : - boron is compressed and is

586 H P s N dets less effective at absorbing ...z

385 AN “t¥e  neutrons than when not com-

sL85 '\\\\ —r presseds this can be seen

5. o ) \§k"< 8 most readily if one consider} &

£ ;g{ . g the case in which the bubblds ff,

£2 . r¢ large compered to the mean depth in which a neutron goes i 422//

= 25 % “boron before being absorbed., Then their effectiveness in remsV

%2 ¢ £ ing neutrons will be proportional to their total area and so will
Hence V/ will increase as the bubbles are

drop on compressién,

compressed. If the bomb 1s. suffiicienidysslarge this tendency is
bound to overweigh the opp&ﬁiﬁgfgne:du@ &e the general expansinn
of the bomb material, since,tlte Ristadaellhe edge of the bomb must

move to produce o gkven de¢rease in V! incresses with the r
ombdtqg distance the edge

of the ‘bomb, wheroas for aghargar'q )
: ke oA
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bubble;must move is uhchanged, since 1t is not necéEsary to in-
cresse the radius of the bubbles but anly to use more of them,
' The %%nsity of porticles (eloctrons plus nuclei) in boron

is 8.3 x 10

particle/cmd while in uranium it is more than 5

times greater. Therefore os s-on as the reaction has proceeded

t» the point where there is a high

degree of ionization and the

material behaves as a gas therc will be a great actinn to com-
press the boron. An opposing tendency to the one desired will be
the stirring or turbulence acting t» mix the bor-n uniformly with
the 65%?3?&} but the time scale is too short for this to; be ef-

fective——

1t can be shown that if inttially /=g, allowing for the
: @)
boron gbsorption, and if no expansion of the outer edge occurs

then v/ will rise to v/~ L (y~/)
This scheme requires at lekst five

by compresston of the boron.
times the critical mass fop

no borsn, cnd the_efficiency is 1ow unless considergbly more is

used,

If nne uses just that amount of bornn which makes twice the
n>-boron critical mass be just critical, then the efficiency is

lower by a factor at least 30.

‘All autocatalytic scheines thet have been thiught of s» far
require large amounts sf active meterial, are low in efficiency

unless very large amounts are used
Some bright idcas are necded.

» and are gangerous t> handle. -

22. Conclusion

From the preceedlﬁg outline
periumental program is largely cone

we see that the immecdiatec ex-
ecrned with meosuring the neutron

fraperties of various metorials, end with the srdnance problen,

-t 1s also nccessary to start now

experimental determinatiosn of crit

ing with large bg@QSubocritical am
: ) ‘6"

o) “

This document contains,in‘fo a o
Natlonal Defensy of sheliptia

studies on techniques for direct
ical size and time scale, work-
>unts »f active material,

o effecting the

g its contents

R ceion ot 4 rovelation of its con

s "o%x’ﬁnemmlm porson I3 pro-
e o

O UL

PBCT & REL EASE




