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jusv, büeass... : chain reaction. This radius dcevendson tne density. As the reaction proceeds the material tends to
expand, inercasing tac requircd minimum size Taster than the actusl
sizc incrcases, "

Inc whole question of whether an effcctive exfosionis made depends on whether the reaction is stopped by this tendencybeforc an appreciable fraction of the active matcrial hes fished,Note that the energy released per fission is larsc
compared to the total binding energy of the electrans in any atom.
In conscquence even if but 3% of the availabl; energy is released
the matcrial is very highly ionizcd and the tempcrature is raisced
to tho ordur of 40.108 desrees. If 1% is relcascd the mcan spcedof the nuclcar particles is.of the order of 108 cm/sceec. Expansionof a fcyr eentimeters will_stop the reaction, so the whole reaction
must occur in about 5−10?8 sec otherwisc the matcrial will have
blown out enough to stop it. r

Now thc spced of al lEV ncutron is about I.4−109cm/s=cand the mcen frec path between fissions is about 13
°
cm so the meantims betwcen fissions is about 108 sec. Since öhly?the’lastfew generationg will rclcase enough energy to producc much cxpen−

sion, it is just possible for thcs reaction to occur to an interest−
ing extent beforc it is stopped by the spreading of the active
matcrial.

Slow ncutrons cannot play an esscniial role in an
exrplosion proccss since they rzquire about a microsccsond #0 be
slowcd down in hydrogsenic matcrials and the cxplosion is &ll over
beforc they are slowcd down.

#4. Fission Cross−scections

O0

_ ?The matcricels in cuestion are USRdL25, u388 Zog andelement 94259_49 and somc others of losser interest,
Ordinsry urenium os it occurs in nature contains abrut

1/140 of 25, the rest being 23 oxcept for a very small amount of &.Thc
nuclcar? cross−scction for fission of the two kindsan? of 49 is showm roughly in Fig. 1 where GO, is plottednst the log of the incident neutron’s energy. Wc sce that 25

& cross−scction of cbout G%Rz 1.510? * ome for neutron concersiesc

?d
D

un
ding 0.5 MEV end risgs to much higher valucs at low nceutron en−
(= 640−10?<* cm2 for thurmal neutrons). For 23 however atnresholä energy of 1 WEV occurs below which 7r.=0.

aa
the

+threshoeld 7
is fairly constant and equal to 0.7:10?24 cm2.

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

. l? Fig. 2 is showm the energy distribution of the

?ncutrons rolcascd in the fission proccsw. The mca? encrgsy Is about

2 IEV kut an üäppreciade [raction of tho ncutrans relcascd havs less

than 1 KHEV of energy and so arc unable to produce fission In 28.

»
One can give £ quite satisfectory interpretation of

the cnerzy distribution in Fig. 2 by supposing it to result from

evaporetion of ncutrons from thc fission product nuclci with e tem−

psreture of about 4 HEV. Such a iaxwclliaen velocity distribution

is to be relativc to the moving fission product nuclei giving rise

to a curvc like Fiz. 2,

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

"hs average nunber of ncutrons produccä scr fission
it is not known wh?ther hes the same vslue Tor

fission proccsses in different mnsortals, induccd by fast or slow
ncutrons or occurring spontancously.

althoush a value Y−

disapp:

−The rcr:ul
into clemenis

zar by another process represented by the

4.ung

The best value at prescnt is
= 2.2 +0,2

has been roportced for on.rspontancous [iss

7. Neutron captureeree

When neutrons arc in uraniun they ere elso caused to
eqaustion

23 + n > 2282.+Y%Y

olement
29 undergocs two sucecssivo 8 transtoricationz

59 and 49 Tac occurreneo of thia
proocus

in 23 actszu

o

to conzume neutrons and works egalnst thc possibility of a fast
neutvon ennin veceetion in material corkeining 23,

it is this serics of rcactions,
SCOMEP

»3 ins slow
neusten

Faunlam
pile, which is tue basis of a profLei Tor isap=aSceule .zäaanteion ol olm?ng 49,
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8. ?ny ordäinnry IT is safe
?

Ordinary U, containing only 1/120 of 25, is−safc

5aseinss a fast neucron chain because, (a) on?y 3/4 of ti?c neutrens

{ron
>» fission have energics above thc threshold of 28, (b) only

> of tas nzutrons cscapc being slowed below i KEV, the 28 tnroshold
befors tncy meke a fisslon.,
So the offcetive neutron multiplication number in 23 is

mw 3/4 x 1/ax2.2=0.4
Evidenily a value greater then 1 is nseded for a chein reaction.
Henca e contribution of at least 0.6 is nes

lad
from the fissionabililty

of tha 25 constituont. One can cstimste that trce fraction of 25

must bo inercesed at lernst 10− fold to make an explosivuv reaction

possible,

2 & 9. lHatcrial 49

As mentioned above this matcrial is prepared fron
the ncutron capture reaction in 23. : So far only microgram quantitics
have bcen produced so bulk physical properties of this element arc

not known. Also its ) valuc hes not been measured. Its dr has
been =sasured and found to be about twice that of 25 over the whole

enerzy range. It is strongly X−radioacetive with a half−life of

about Z5I00 years,
Since there is every rcason to expuet its V to be

close to that for U and since it is firsionable with slow neutrans

it 15 expected to be suitablo for our problem and another project
is going forward with plens to producc it for us in kilogrem quan−
tities.

Further study of all its pr
ropertios

hes an importent

place on our program as rapidly os suitzble quentitics bocome .

availcble.

10. Simplest Estimate of üinimum Sizc of Bomb [?
ü

#
>

zZ
)
Mio Then)

Let us consider 2 homogsnoous matcrial in which tanc

ncutron number is ,) and the mes
2

time between fissions is Tr. In

Sec. 3 wo estinrted T= ". ’10?3sce. for urenium. Then if Nis the

number of neutrons in unit volume we hevc
? . .

_ V−}N +av? =
?N

The tcrm on the right is the net rate of generation of naoutrons in

unit volumc. The first term on the left is the rate of increase

of ncutron density. In the second term on tho left d is the net

eiffusien current stream of the neutraons (net numberDT neutrons

cerossing 1 em? An 1 sce across a pleno orientced in such a way that

this net nunber is maximun).
In ordinnrr diffusion thcory [vnich is velid only

vnon ar?d dAlmensions of »eunnderiles arco large comprred to thco mern

frce rain of the diffusing particles − a conüition not fulfillcd

in our case) the diffuslon current is provortionel vo tie zradient

off,

u

. zu Tr
J = −D RT U
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Hencs we nave . nn

N =DAN +({ T N Lu
Assumae a solution whose time dependence is of the forn

!

N = N 6%, 4,2) eY/r
, ?, & .vnere Y is called the "effective neutron nun)er". The zauation
to be satisfied by N, is

,

AN, + _VtVot NY, =
0

together with a
boundery condition, In the sim?le case in which we

ere dealings with a spnere of
radius R, we mey v?ppose that N, is

spherically symmetric. x
At r=R we would have, on siaple theory N,=O0.

(In point of fact N,>O due to the effect of {he mean [free path’s
@®:>: being small compared with R, but this will not be considered
here). For spherical symneiry the equetion for N, has the solution

Nr) = S?n mr/R,?.

provided that Y? has the value ?
?

xv’= (v−Nn − 7
Dr/Rinis shows that in an Infinitely large spherec neutren densler

ould builduED with the time constant Den ?
un

sphercs
build up less rapläly. Any sphere so small! that v?Zo is one for

e.
tne neutrons lerk out the surface so rapidly a an initial

nsltiy will die out rather than build up. Hence the criticai red−
tus is given by mr 1T°"−DrNe I Typ

Now D) is given by D=iv/3 where * is iho transpor
msen frcoe path, = I/nd, ?nis the number of m. .lei per cc and

4 = | + | S0−wsO)aw
®..:cH

:
brirrings out the reason for mersurements of tne angular scatter−

ing of neutrons in U. In metallic U we have
; /_ −24 5 33.0 2°

TI
? 4

.
IO em?,

ac
ER

wnich, for a density of 19 gm/cenS, gives 2=5 cn. 22. 1% 9r/
Also . nn Cm!

.
4{ 9

O7 eva
. ?

?Fr" 5 one... ar
Jg U £ ?

3 &
−=220, 735 4609
>

?

m, nn .
®LSCPELGPE

u:
R?

220
78% o 2Ai \c 3

−? teD2 End Ike 7 13,5 wi,

s?s2l voluno As tacretore 10.5109 cemÖ giving © critic

2?
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Eretetioe:
How that if the gadsct hcs the shape of 2

cube, Oxx<d, O<y<a, LEYZis the tn: eriiical

value of a is ziven Dy ze

e
. J

a = Y3 Re

? Hence tha criticel mass for a cublesl shape is

37lan
= 1.2.4 times as great as for a sphero.

The value of the critical mass is, however, c9A−

siderably ovsrostimated by the olementary diffusion theory. Tns more

czact difusion theory ellowing for the long free path Grops Re by &

factor about 2/5 giving

Ren Im Merbog B2E.

»
The elementery treetment just given inlicatcs tns

dependence of %. on the principal constants
J

Me.
’e*

waero 0 iz the density. For Rn
nautroh multiplication given by

?
177%

inril ,

[or lv]
?

?we have the time drpendence or

_w−neli− Bey)/r
e

tience for a sphere of twice the ceritical mass thc time _ constent,
fap multinlicstion of nentron density byeilz 2.4 X 1077 soc.

11. Effect of Temver

if we surround the corc of activo material by a

shell of inactive materiel the shell will reZlect some neutrons

which would otherwise cscapc. Therefore a smaller qurntity of

netive material will be cnough to give rise to an explosion. The

surroundinz ecse is called a temper.

®
The tomper material serves not only to reterd tho

escana of neutrons but also by its inbrtia to rctard thc cexpension of

iho ectivo materisi. (fne retardation provided by the tensilc

strenzth of tho case Is negligibilc.) For the latter.− purpose
it is

desirable to use the dunsest avsileble materials (fa, Ü, Re, U). Pre−

sent eviäonce indlicates that for ncutron reflecting propertics also,

once cannot do better than usc these heavy clements. Necdlcss to 3cY,

a great deal of work will heve to be done on the propertics of tamper

metcricls,
Vie will now analyze the cffect of temp?r by the

same apnronimate diffusicon theory that was used in the preceding

soetLon. Les D? be the diffuslon coefficient for fest neutrosns

in this tonmer material and suppose the lifctime of a nautron in tre

tamoor is /y. Here J=− NEIN
: ?? with nn? the nuc−

ear densitr of the tämnpor and au,, 155 erpture eross−sectlon, If

he tamacr materinl is itself fisslonable ( U tamper) the abzorption
[ itcient is reducod by a factor ( 1 −,,), with V?the number of

nautzenna Yrcüuced per capvuras
&% thu boundary between active matoriol end trmper,

x }tinmustmn dirftianiun abhaam of rzutrnna must be cortinuoud Gh
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ne D dr
"kamperIn the .anper tr. equation for neutron density is a

N = DAN −
=Nor for. the spatlal dependence,

v/?+ro z
A N,

=
= NO

As an casy specicl crnsce suppose the tamper has the
same neutron diffusion.coefficient ns the astive matericl (i.s. the
same moan free path) but has no ebsorption, sox=0. Then under
eritical

conditions
(2%=0) we hare

. M = Ar +−B
in the tamper material ond

sm k?ro ne Snr:

in the active material.
,

At the outer boundary of tho tomper, r=R, we
must have N, =0 hence

[4 _

N A (+Fr... = )
On each side of the beundarp r=R betwcen cctive material and tanmsor
meterial, thc slopes must bo equal so, equeting

the densities and =

slopen cn both sides of the boundary we find the following cauation
to deterains k

j
R/R?RRUSARR H+ smtARr =0o .
I− Rir

In the limit of a very larze temper radius Rs
NR = M/2R

which is just half the value it had in the ense of tho unsempered
gedzct, Hence the critical mass ncedod is one−eirhih as much as for

@::= vare bon

this requires that

Actually on better theory the improvement is no%
as greest as this because the edge effect (correetion for long free
path) is not as big in this case as in the bere bomb. Hence the
Iinprovenment of non−ebsorptivs equal diffusion tamper over the eritical
mess, both handled by more accurate diffusion theory only turas out
to bo a foctor of four instead of eight.

Exrerceisse:
Consider a non−ebsorptive tamser material for

which the diffusion coeflficiont D? is small ceon−
in the iimit if

= 0, no neuivensparcd to D.

could escepe from the active mat erial by diifusion,
. hun w−50.tNc eriticcel rodius would vanish and eny amgundrn en nyitßctivo coro would bo cxplosive,.

sa nee hate Dv Fanee
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. To pet na iden of the Inprovenenb ob°z ia−bio
Wen. Bu) r=

− .
=

Al ec.

Be . fr?m Sanper material of shorter mean Ires päan.
=

nun,
"the aublivoe material

show what IE D
F 50

\ therl ihr ceribical nass Is 1/2. 20 times wnat iS is

ir. cher case of tklck sumzser (W=me)iiD =D.

From thiz we sec
KREk

it would bs very much worth

wnile to fiad ta?ner materiais of low diffusion

coe?ficient,
(it turas ou%

er maseriel iz abgerptive then the
2) ia

ar)nu
? e r

instead of 1/r which tenäs to makz The criticzl mass grcoater than

if the tauzer did not abseorb.

IS?
The distance tne’ neutrons get into the

samper
0?Y301−W)

wnere 0? is the mean free path and S the rumber

sions before capsure. Guesasing s20 this gives, with

neutron density ini

A?=Som, an effective tanper thiciness ?u i3cm. Por a U tamper

Yr 0.6 ? endto
effoeiivo thichkness is raissd to 17 cm. These

figures give an iden of tie tanger thickness actuaily requiruü; Une

weicht of the tamper is abous a ton.
For & normal U tamper the bsst availablc calcula−

tions give R. = 6 cm and ü. = 15 Kz of 25 wnile with Autanper

1. = 22 ke of 25,
?ne eritical mass for 42 might Ds becausc of its

larger fission cross suction, 1253 than tha5 of 25 by ebout a fac−

. tor 3. So for 49

Hi 5 Ks for U tamper j

M 7.5 Kg for Au teäper.
T??cse veluos of eritical mässes are

still arte

%
uncertain,

particularly those for 42. To improvs our es
en

tes Tim

quires a better knowledge of tie properties of bomb materials and

tamper: neutron multislication number, clestic and Ba cross

sections, overall expcriments on temper materiols. Finally how−

evcr, when materials are available, the critical messces will heve

to be determined by acsusl test.

12, Danege

Sceveral kinds of damage will b2 caused by the

bomb,
A very lergenumber of neutrons is rclcas?a in

the
explosion.

One can estimete a radius of about 1000 yards
Beethe sitco of explosion as the size of tho region In whlch the ncutr

concentration is great cnoush to produce severc pe..tnological rtects.

Enough rndioactive mrtericl is produccd thrt the

| metbntal.antivitywill be of the order of 10% curlcs even after 10 days:
| En

Bas
vVcet this will have in rendering tho lozrality uninhabl−

.r .
I 2. let gehant#T− ne isaner Ian El. au:

Se
url: ?.ncnig ?STCOUL] ON VEPT UNTEN

Sn im;
SLOT maiyun Dim Way in

ragetg
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Huwcvor Us total
amoant nf rediosctiviiy produced, as vc)hl as t?uc Lotri muaber

of nceutrans, is cvidcntly SrovortionnN just ta tie muibur,of
fission processcs, or to thc total inersy rilursed,

Ts
michenierl explosion Aznanc is causcd by

the blast or shock were. The
CXPLas an

starts acaistle Were in
tno eir

nich travel wit ths rcoustic veolscity, c, svstposed
en the vclocity u of tne mass motion wich which ?nburial Is con−
vectced out frau the center. Sinca en /T waere T is the ubso−
lute temperature ond sinec both u nid. arc grinter farlher back
in the wave disturbance it follows that tho buck ol the wave over−
takcs the front and thus builds ur 2 shsrp front. This is esscen−
tially discantinuous in both prcessurc and dznsity.

A

/
.

} Pi ?__._
On

L__?._

Po
? mr meer Hartam? weg; (eye = AL.nn nn ?nnn

< r > < r >

It has beon shown that in such a wuve Tront the
density just behind the front riscs abruptly to six times its
value

Just chend of the front. In b.:ck of the front tnc density
falls down essentia

?ly
to 2870,

If E is thz total energy released in thc explosisn
it hs been shown tnat the maximum veluc of the pressure In the
wave Iront vories as .

rn Efr?
the meximum pressurc varyinzg as ?/r? instead of thu usurl I/r:
beenuse the widih of the strongly.compressed region incrcasos

proportionaliy
to r.
Tnis bcheviar continu:s as long a s

p
is

?Erceserthanabout 2 atmospheres. Au lower prossures thero is a transition
to ordinary acoustice bel?avlor the width of the pulse no onen in−

crcasins. j
If destructive action may bo rsgrrded 2s mersurod

by tne maximum pressurr amplitude, it follows thrt the radius of

Gestrustivo action produced by an explosion varies as YZ .
low ina 3 ton bomb, containing + ton of TWT the destrurtive radius
is of the order of 150 fect. Hones in rn boma equivelent to 100000

Bars
of TNT (or 5 kg of sctivc material totally convertod) one

z
−. Ckpect a destructive radius of thc erder of

goor eo x 150 tx?
foot or about 2 milcs.

This pointsroughly to the kind of
reaulba

which
mov bo exnectceä from 2

aaviäc

of thc kind we hope to malie. Since
tns oa factor ihat determines the

dennge
is the energy release,

our nin is simply to get as much ener;sy from tho explosion az vice
van Ana since the maseriala we usc are very preclous, we re

eans?rnined To do
tnis with as hissh an efficiency «as is possillc,.
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for the times token fo

As remarkei in Sec. 3, the materin] tenüs to

blas zsari as the rarce?ilon procceds, and vhis tenüs in siop Line

reanesion. In general then tie recction will not sn to zomplorlion

in an zetmal grdget. Tnc frmetlon of encrgy relensed rolative to

that which would be valonsed if soll sctivo meterinl were trans−

form:c is erlicd the ctficiener,

Let Bee
gereLenl

raalus figured for normal den−
slt7 0, ? 2150 Ro initirl redius aniR = radius at a particular
instant. Assume homoscneous exnansion, Then the density when

expanded 15
3

Q

=
sl Ten / R

.

and ihe eritical radius
R_ Figere»d with

RS en
densivy E is

Re ae
EN so far that Seile}The reaction will procscd until expensian his 80

+

e= R. Therefore the radius R
3
which expansion stops is

iven by se
u

Since the ratio of NelRevis egusi to the cube root of the ratio

of M, , the actual active mass, to M.the eritical mass we sce

that
24 cl
Niro

=
x Mo/Meco

and therefore a gadget having twice the eriticol mass will expand
to a redius only 2 = {I times its original radius Defore

the renction stops.
Te noxt problem is to find a simple express

r this cxpansion to occur, since we alrcoad
know how to calculnte tnc time constant v?//fof the rcaction. O0
course V? is not a constant during thc

expension
since its volue

depends on the radius but this point will be ignorcod at first,
At 2 place where we.have N ncutrons/cm® there

will de K/T fissions/cm® sce end therefore if & is the energy
release in ereitselm the volume rate of energy genera

tion is

>IT)N
. Hencc the total energy releesed in unit volume

between tims ?w and time t is
Wa (e/v) N o?

"tr

Most cf this energy goes at once into kinctic

enersy of the fission fragments which are quickly brought to rest
in tie material by communication of their energy largely to thermal
kinetic energy of motion to the other atoms of the active stuff.

The course of events is shown in Fig. 3. Tne
units on the scale of absceissss are units of V?E/7F .? If there
was ro expansion, and if the rstc of rerction toward the end was
not slowed down by depletion of activc mitc

iaS:
then the cncergy

relerscd up to a given time In erg/cm® would be given by the valucs

on tiie unver
ee

seele. Tue plc..ccs on this scale.merkon.

100%, 10% and 1% rcspec
ulvely

show the energy relcascd in unit?vol−
un2 for these three Teluess of the efficicncr. A sccond logaritchule

u
shows the growth of the ncutron density with time under these

assumpblangie werten
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1.5:

?t can be erleutrrtca thert ths pressure in at?dyd−
7 Is

ot NETEH L2 Vornr rousaly Ii?o hc velucs given on tnc tLird sc?&lc,

;
r.−:

2at a pol?s Joh bolow 10−7 orr/em3 cvolvcä tnc radiation presmurs
3 egunl Go The gas Droessure, alter that radistion Pressuro pru−
Aominztes. ienr 1010 ors/cm? is the placewhere ins solid molbs
se up t; this bime nothing very drastie hss

hzppened
− thc insor−

vant phsaswena occur in the ncxtb 20 units of |) TUT,
.

Very roushly we may estimrte, as follows for
masses rct much larger then thu eritical ness, the combinntion of
factors on which the effleicney denends: Ina tinc of the order

T/v?
ins msberial moves from

BR,
to R so zscequircs a velocity

! i "m A(V/T)(ÜR− Ro)
Yritinzg R = Reo(1+&) we find that

. R−Ro
2

> DReco
The kinetie snergy per. grom that Is acmüircd by. ?the

mnterial is

ve/2 n a(w/T Rec
The totzl energy released _ is grer?ter in thc order PV= pAV
or 2/34 .. Let &=7.1017 erg/srem be the

energy
relense for

completc convers ton then the officiency is of the order

u
> (VWYer?)(o%/a)Ro (2/38)

+ = Me) vV/eEerr)Rioa
For en

untempered gadscet
v!? 2(v−1)A
mnnun min nn = oonnoo

7Ä |f= 2 MRS
Puttinz in the known cohstants?

E = 7.10’7 T= 108 Re =

= Ko? wort x =
1.

If this very rough talculation is replaced by
a more accurnte one the only change is to alter the value of the
coefficilent A.K,The calceulations are not yet complete, but the
true value is probebly Kuhn.

e

Hence for a mas3that is twice the critical mass,
Ro=fzR so Ls= 0.250ond the efficiency comes out 1lcss
than 1%. We see that the

a
T

is .extremely low even when
thls mucn valuable matcrial is use

Notice that 7 vorias inversely as the velocity
of the neutrons. Hencec it is aedventagceous for the neutrans to be
fast. GTae efficiency depends on the nuclear propcrtics throush
the frcto:

+ ? velv−))
AS

se find

??−?

z Ir
wacre V i3 the mean speed of the neutrons aüd the other symbols

Iaro alrcaäy defined.
In the above treatment we hive considered only

the effect
or

the general expansion of the bomb matcrinl. There
s on aäditional effoct which tunds to stop the reaction: as the
zcasurs Sl?da up it begins to blow off material et the outer cdgc
L.&ha.bor.bue ISarturns

out vo be nf comparable importancce in
Eu

F

Yar i
;
}

2

ag 2 CHE, m na u



14,
stowmLi tne reaction to ©
Inwovar tha formula Tor ifi o
caenzed ir forms the eizt nsion manifests itselr? simply ina wucucsion in the constant K. The effect of blowing oif

i
!has been alrcady taken into account in the more accurase estimzteof K given above.

G
c
h oc

c

11. Effect of Tamrer en Efficliener
?

For a given mass of active material, tamrcr alwayIncrezses efficiency. It acts both to reflect neutrons lack intotne sciive material and by its inertia to slow the expansion thusgivinz opportunity for the reaction to proceed farther tefnare itis stopped by the expansion.
However the increase in Sfficlency given br a gonavo 1s not as large as one might juige simply from the rud?e−ion in the eritical mass produced by the tampsr. This is dic>

−

’

>foot that the noutrons which ara returned by diffusioninto and back out of tha tanper take a lonz time to return, par−ticularly since.they are slowed down by inelastice impacts in thastamper material.
The time scale, for masses near critical vhereone has to rely on the slowest neutrons to keep the chain going,now becomes effectiveiy the lifotime of neutrons ir the tamp:?,rather than ths lifetime in the bonb. The lifetime of neutrons

t} gein a Ü tanmzer isr−iW?"se, ten times that in the benb, Tho efri−ciency is coasequenily very small just above the eritical mass,so to soms extent the reduction in eritical mass is of no useto us,
− One cen get a picture of the effect of tamper onefficiency from Fig. 4, in which U v?is plotted against bandaälus for various tamper materials. The time zcAle is given byr/v? ; the efficiency, as we have seen in the precceäingsection, is inversely proportional to the square of the timescale, Thus f ?iz.

Fig. 4,

v−/ |
FE EEE=

u ?

ne Fan? per



ran.

If w? ie PP? (U) the efficieneyr is verr lo ncar the
eriui > tu th seull slope of the Y? Acurve near
Ye ce us2a a mass sulficlenily greater tion bie

ers Bood efilcieney there is not vorys much ’dilfoo−
enc nd Au a5 tanper materials,

© turns out that if ons is using 4 lo 0onä the
U tampar, then only about 15% more activo material is neeicd
to ge tie same energy relcase with a gold temper, alikeugn the
ritiecol masacs diffor by 50%.

In addition to reflecting
Bu

E the tam: r
23.20 Anhlbits tne tendencey of the sdge cf ?be bomb to ti, ul.
?he aure expands into the tmmper matcriicl, starting a shach
uovo walch connpresses the tamper metiricl sixteenfold. Tir.se
odze

eifects
as remarkeüä

in
Sec. 15 always act to reduce h

factor X in the formula, f=K/A3,bub not by as great on oriount
ar. tns case of tamped ban?b as in the cas> vl the untamped bcemb.

15. Detonation

Before firing,. the active material must be dis−
posed in such a

way
that the effective

AouEron
number ?)7 is

2ss then unlty. The act cf firing consists in producing a re−
arrongemont such thats after the rcearrangencent )? Is greater than

is problem is complicavcäd by.the fact thet, as
we hays seen, we nced to deal with a total mass of active nateria
consicorzsly greater then the critical in order to get appreciab
efficiercey.

For any EFoposed type of rearrangement we may in−
troducs a coordinate YV which changss from O to 1l as the rear−
rangemens of parts procceds from its initial to its final value.

?
V

ally v? will vary with X along some such curve as is
in the sketch. Since fhe roarrengenient procecds ab a

Shere
will be a finite time iniorval during which

?ua positive is much smaller than its final valuc. u
d in.möre detail Irter there will always be somo un−

e
n
n
e

e
r
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vorenblo anurces of nceutrons in the active anterial. In anyBone of rearrangement sons foirly massive amount of miterislil inve to be moved a distance of the order of R. u 10 cmAysuning & speed of 3000 ft/scec een be imparted with some iyof gun this ncans that the time it tzkes to put the pieescs otha bomb tozether is vv 10−# sce. Since the whole CXplosicon:is over in a times75 T/y7: 1 gce, ?C Sec thrt, exccept Tor verysmellv?(y?ao)), an explosicn starteqa by 2 prcmature n.utronwill be ali finished before there is tine for the picce.s ta moveprecinble distance. Tahus if ncutron multiplicertior, Hemponsart before the pieces rcsch their final configuratica ’n ax−plosion will occur that is of iower effieleney corrcesponsing toower value of at the instent of explosion.To avoid predetonation it is therefore neccnssuryoO kcep the ncutron background as low &s possible and to ciTect−the reasrrangement as ropidly ?s possible.

r

>
»
@
r

pe
T

2
h
y
h
y

16. Probability of Fredetonation
Zt

Since it will be celearly impossiblo to reduce theneutron background rigorouslyto zero, there will elways be somechence of predetoration. In this section we try to sec how grestthis chance is in order to sca how this affects the firing prcb−lem,
t
u
sThe chance of predetonation .5 dependent on ihelikelihondof a ncutron eppeering in tho active mass while V? ?still small and cn the liKcelinood that such a neutron will veallset off on chein reaction. Yith Just a single ncutron rclecsedwnen y’>cdt is by no menns certein that a chein reaction willstart, since any particular neutron may escape from the activematorlal without causinz a chain reaction. −

The qusstion can be eonsiäcred in relation to a216615 samblingz problem. In tossing loadoed coins suppose n istne probability of winning and q that of losing, Let ?, be the
probebility or losing all of en initial stock of n coins. On the
©:

toss either one wins and thus has (n +1) coina or loses ondaus Kaas {n =» 1) coins. Hence the probatsility Pu is given by
, Pa =

Pr Par? +
4 Paratne solution of which is .

Pan = 4 /yIr
Zdentifyingz tkis with tho nceutron multiplication preblen one enashow tust g/pn = I− v?, Moence the probability of not starting

r

,
£2 enarin reaction with one neutron is (1−v?) or v?is tho prob=" lat any one neutron will start a chain reaction.

source ol IH nouironr
&

− Suppose now that therao is a s usec, üct Pre the probability of not getting a preäctonationuUD vo tao inssant t. In ihe interval d& wo havo.
17 _ _

Nde vi »On che ] st threo factors together give the Probauilitr32 meine − ; di, and tho Yactor P 53 iha probshilits ol notia ; debsnallon up to that tima.
3: 2 eine valua ?zo wo may zsuppoan cheh\ yariay"ir

rn, Wa ot, Vence, 11taFPatl?r bs later
. UL.

BEN IsCl u = m .
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?u the nunbe>nt neutrans expasted in th Iren.

4 = OÖ, un p?=0, and Die tisxe when bne multipiie"iinn

ey rizched tha valuc v/, Evideniely for a partionlor

Hrin® peaprramz,zen:VW will very \uyarsaly− as ti veloc−

which tho firinz rearrengement 13 errricd aut.

Far example consider 2 bomb wN955 mass i5 betvren

two nee vhree eritical masses, for wnich the ?incl voluo of y? 15

0.5 and surrose thet N = 10% neutrons/sce from unavoidcehle

saurces. Alsn sun»ose that once plece must MOVG a = 1) en ron

they? = 0.6 canfiguratian to ta finalv?= 0.5 confirurrti2i.

Supposc that this piece Ans a velneity af 109 em/sec tunv
= ?

and
P = en?

o is appraximately a 15% chance of yrucctonetinn.
Tnis is the chance of predcstonetion any time up to

that at wich the final vrius oT v?is reached. In this xn?nple

the exvonent is small enough that the chance of predetonation,

(1 − P), is given by the lincar approxliurtian.

: (i− P)
= > Nv ,

icieney veries as y!?3 one will get an explosion of

f the maxim?m if it gocs off before V?/
has rceched

u oO ct
,

IT © 1

naSince 5 cf
nen +
ti L

loss th: o
?ine volus 0.3/Yg 7.0.19 ? Hencc the probnbility of an explosion

givinz less than 25% of the maximum value 15
7 a _

.

SG:

(W/,3Y’r.5
= 6%

The exanple serves to indicate the Importen
t

pnins to got the least possible neutron b

nz the firing rearrangement with tno maxiteking gr
end of s 4

veineltT. t scoems ons sh

of 100009 neutron/sec or 1
or moro, Bit) a

> u hs 5
:

8

aulä strive for a neutron backsraun
s3 end firing velocities of 5009 f

e dirfficulta&attainnent.
vr

h of these

17, FizzlesThe question now arises: what if by bed luek or be=−
cenuss the ncutron background is very hich, the bamb gocs off when

J/ is very clase tn zero? It is important to Imow whether the

enemny will have an eppartunity to inspect the remsins and recover

tne motericei. We shall see thrt this is nat a worry; in any

event; the bomb will genoratc enough energy t9 complotely destroy

itself.

"

It hans been remarked in the last section taat for

vory smel1V? (v’<.c]), the explosion takes so long that the

pleces da have time tn move en epprecirble distance before the

reactinn ends. Thus even Af a ncutran enters and starts a chein

just when V/?=Öthere will be timo for V! to rise to a positive
valus, anä give on efficiency small, but greater tnen zero.

) Supposce, then, that a neutrsn is relcased ven

V?=6, Tas number ?f neutrons builds up according to the cqua−e Br nee .
un N =(W/[T)N 2:2. EHEN

erneuern

As a first oppraximatinon we may supp9Se V varies Atearly with

?yarmmthe plecen mave from the paint uherte Y?Io, 5

a
v?

=
wulx/do)

ine eo Ts, N ..D
.. ,

nn tie value nl When the plogm, raacn.Zin.hv
Tinnl o3−
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?Las? canfiguration, and Lo ls the distanee #5 reucei? this eanlig−vrniien. I£{ the vci»aceiiy al firs is v. wc heve zavt,Le
| VL ,.En N= | prmae =. Mi ga.)

En dA, Pig>50 the renetion e>ntinucs until absut 1022aduccd, wnich w>ula correspand tn cn energy pro−t2 100 tans of TIT. Then, at the end If tie
Än aM

= Lan 10°! 50,
(Ye can chsck this assumption after wc have completed sur esti−matc of tne energy release, However, since the 2!nal nombernzeutrars enters onlt in tne lognrithn of a lzrge number, nur re=−sult is quite insengitive to wnat we teke for N at Tunis Doint,)Taus che reaction ends when

! Vo x

A Li >
un Ba?

?_ yeart in −
L

a 7
+ .− so

, x? =
u? E − ICH

Vo

y mu
Yog

\ ?
N

?_ ? . Fan
The efficiency is N Joyw ZEI

2− Usinz tha sene ligurcs as in the precoedinz section N,[
oO

ä 3 oO
\

IV 072 − IC A,−?0\WE find −
−5 ?ro

3,
Vic

; iu−10
?_

% x
oOIhe mass of 25 in the bomb is absut <0 Kg. The mass uscd up iathus 40 «9 10 =0L3 Kr, end the energy relecse is ?005 x 2000 >60 tans or ir equivalent, ample to destroy the b>mb,

13. Detonatine Snurca VdK,??un ug

To av?id predcetonatisn we must make sure that thereis only a small probability of a neutron eppsaring whilsc thsPleeces of the banb are being put tagsther. On the other hond,
when the pieces reach

their. best position we want to be very surethat a ncuiöron starts the reactian before the pieces hzve a chance0 seperate or bresk. It may be possible t5 nnke the projectileseat and stay in the dasirad positinn. Feiling in this, or inany event as extra insurance, another p>ssibility is t5 provide
a strong neutran ssurce wnich bocomes ective us sa»n as thepleco.; Üime into pasitian. For exninple one michs use a Narr De"= An wRich the Nais on one plece and tne Beca the Sther so?we only vroduced when the Pleces ars clase tn the Dro=SLAULFO position,

be can
De

ily estimate the strensth of ssurce ro−3
3

quir. Arte vertg working, we want no hish probabil−ity ; Boanatiun befsro the Picces havo time MOVOa Noro thanSIYy A oa Tnis means. that N, the neuirans/zece frau tho saures
ETisD Te ensush thay

war...

FEZ N 2 V
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Yhia is th: yleld from logr KU Antiuntely nleen

with berrtlium, Hence 16 misht be necessery 19 risc SUVar 1

erems: af rodium since 36 vill probrbly nat be uscAa sfr leLumnilr

in kiis no Of ähurcc.,
Synu other substance such as polaniun three 15

nat so Yeactive
£s radiun will probebly prove MITc sntisf:etary.

Evidently a_snurce of this strungtn that ern bs

activates within abaut 10?9 sce and is mechanierily rumzei enzufh

t9 stand the shacks assycirted with firing prosents a difficuls

problen.

19. Nöutron Backzr?und v?.K,

Tnere are three rec?gnizcd saurces of ncutrsnsee

which provide the background wnich gives rise tn» dangsr of

predstanatinn: (a) cosmic ray neutrans, (6b) spantancous l[isslon,

\e) nucslear reactions which produce neutr ns.

(a) Coswie Revs. The number of coswic ray nzutrons

43 abous 1 per cm? per minute vwhlch 1s t>n few tt) be nf any Im−

partence.
(b) Sosntansous fissioan. Ths spantanenus fissinn

rate is known only for 28 which is respnnsible for the fiszlanu

activity of ardinary U. #t present we have oniy upper limits

for 25 and £9 since the activity of these has not bsen detected.

The knyvn facts are

UM 2.8 gers
I naufems

/g Stc,

1 A .

.

2 S
= <, ISO »>

Ban. 43 » < Soo »»

It is considered probable that the rates for 25 and 49 are much

smaller than these upper limits. Even if 25 cond 49 were the same

as 28, a 40 kg baumb would havo a background from this source of

600 neutron/sec. This doss not seem difflicult to beat.
But if U is used as tamper this will welgh about

a ton which gives 15000 neutran/sec. Of caurse nat all of these

will ges into the ectlvo material but one may expect a background

of several th>usand per secnnd from this smurce.

Thus with a U tamper one is faced with the problen

of hirh velocity Tiring, In the renge af moaderately hkich cof−

ficieneicos, say 4 Mc >f ccetive mnterisl, it might far nis reason

nyt ba worth while to vaoe a U tamper, since as Wo Hhove sean, en

innetive tamner will cost nnly ab»ut 15% mare active material.

Or ne lohnt use a compromise in which the tomver was an inner

Ieyer of U, backed up by inscetive matcrlel; for messes this large

the iimm szale is sa shart that noutrons do nat neve time ta pen−

etrato more than abnut 5 cin Inta the tomper any?7.

(ce) Muclear renetians, Tac anly 1npsrinns reae

sims ara cheltnrsautions ar liche elemenss vw?lch might be ie

sent an Inzuritles, Tas (X nyreretionz
haye a negligible yleic.

in
3
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20.

Let us examina what sort of limit on lisrht element ?mpuritiesin the active materlal is set by the need ot holding down theneutron background from this source,
The problem is particvlorly bad Lor 49 sinca itss only 20000 years. Its meen iife is thus 30009 yearsce. _Ihus 10 kg of 49, containing 2.5 x 10=2 nuclei1015 X−particles/sec,
The yleld fron Ra xX’s on Be is 1.2 x 10−4 endthe shorter range from U’s of 49 es comptred with those of Raend its eguliibrium products will perhaps cut this firBure innalf, say 6°:10−5, Since the stopping power for &!s of theseenergles is proportional to YA where A is the etomic weisht,the stopping power per gram is proportional to 7/7?,If the concentration by weight of Be in the ac−Slve meterial is C then the yield of neutron/sec is

1 .
Y2323/5− cc. Na .−\where Nais the number of &’s per seconä rend is the yield.Hence to get 10000 neutrons/sec one would noed tö have a concen−tration given.by

?? _ ?_(? (3/9−©. 2.5.10°.6x10 =, 10%
Er 1oeN\_

sretion of anything in any−

5
Ke

tde
of higher atcrice we
So 1 13 unnecessar
as long

teld Arapy−rapidly as one goes to elements
GRi% because of the increased Coulomb barricr,7 %0 consider limits on elements beyond Caas orülnary standards of purity are maintained,

Experiments on tha yields with light elements

>

A
C

©, Ons can base somsa roush guesses on the standardBerrier penstration formulas and find the following upper 1limitson the ceoncentration by weight for several light elomentsfon®,production of 10% neutron/sec/ >» er
?

1.7 ?0
210−6
2−10?

o
r

2 x 10−5
2 x 10−5s

o
z
a
u
u
n

= Low ylsida bacause enly 015 contri.butes.Er (Msn) sonesion not energeblceolly possiblo.SER LT v?ald because cnaly 047 contributes.no elf?zt of soveral inpuritien simultaneously present.is ofCsurss ndiitivo,
ct is thus Fecnznized that the Sruparation andandline &? in

Such a way au to ubinin and malncnin suchBe PIST An an oxtmmalr ai ale WoechlLän: − Adu u2ch ?poballe chat tho nouöron snellziwand vEIL bo loanSG tnovrul? ca hipl? volacise fi 3235 will De desiyoan:n,
sr ia 25 Sy giöuiklon Ir RATE .

in.
®

nenn Irall>41 GorS wu 25 ha seration Posen 25 ? i .



?rwsnslon oÜ Impuritles in 25 inay Du 10° times that in 49
s sone becksround, which is nat at all dirfficuls of attain−

443 will be extromelr diffici
herea

©To sumariz ult to wsric wich
6 s 2frma to stand−point oT neutron backgroundwh \s 25 without U

vamzur will be not very difficult,

Ve naw consider bricefly the problem of tha actual mechent

29. Shoaotine
uZn02

ces of

snoosing so that the pleces_cre brousht togeiher with a relative

art
velocity of the order of 10 em/scc or more. This is the paof the job about which we know least at present,

− N One way is to use a sphere and ta
LINE shaot into it a cylindrical plug"MD

made of some active material and
sone tomper, as in the sketch, This
avolds foncy shapes and gives the

most favorable shapco,for shooting; to the vrojccted Plece whose
mass would be of the order of 100 lbs.

Tara hFR r e
s

hishest muzzie volocity available In. S. Army gunsse?bore is &.7 inches and vhose barrel is 21 feet long.a s0o 1b. projectile a muzzle volocity of 3150 ft/sec.
ishs 5 tone. It appears that the ratio of projectilona mass is about constent for different guns so a lOO ib.would require a gun weighing about 10 tons.
wolght of the gun varicos very roughly as
ocity hencs there is a high
+

H
O
O
L
E
D
U
O

remium on using lower vel−> £ fire,
£noSher possibility is to use two guns and to firo two pro−ectiles at cach other. For the seme relrtivc velocity this ar−3rangcenent rcaulires about

tho worst difficulty lies in timing the two guns.
Hore

This can be

1/8 as much total gun weight.

partly overcome by usinz an elongrted tomper mass and puttinz allthe active moatoriol in the projezsiles so it Socs not mattar
exactiy wbere they mect,. ?c havc been told that at present itwould be possible to synchronizo so the sprcad in places of im−pact cn various shots would ba 2 or 5 fset,4 One serious restric−vion imposed by these shooting methods is that the mass of activemab

erch piecco spoparately must be non−explosiva,
nic
non

erial that can De gotten together is limited by the fcct that
Since the zeparctepicces cro not of the best shape, nor surroundad by the best tan−

one is not limited to two eritical masses for tha
completed boaub, but mignt pernaps get as high as four ceriticalmasscs. Howover in the two San scheme, if the final mass is to2 u ni, cnch Picce scvaretely would probably ba cxplosive nasoon au li cntored the tempsr, and better synchronization wouldbo roquirced, Is 300ms worihiuhilo to invostisate whether present6Plormaner might nSst ba upeovel by a Sachor ten,

tac cube of the
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plate or Scetuel materici

thickness bolow wni

? no matter how larce

ss the untampeä surfa

© s of tne bamb cn, be circum−
share moru diffteultto shoot, For cx−

tomped an only ano side, hoa
n it ecanno lonsor support 2 chcein2
its area, Deenuse of neutron l22k−&
3. Ir two such plstes wero slid?, undampsd surfioces In contzch, tno resulting arrcnzenment? well over the ceritical thlckrcss for a plate ter?ped on& end tho mass would depend »nly on the arca of the
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Calceuletions show that tho eritical mass of a well tamped +−−
−

spheroid, whese major axis is five times its minor axis, is only353 larger than tha eriticel mass of a sphere, If such a spher−5 oid 10 cn thick and 50 cm in dismeter we?a sliced?in hnlf, each?,? piece would be sub−critical though the tetel mass, 250 Kg, is 12"times the eritical mass. The efficiency of such an errangoment_?> would be quite good, since the ex−>
−−−) Pension tends to Bring the materialmore and more reerly into a spher−a icnl shepe.Jhus there area meny ordnancc questions we would like to| navs ans?wered, We would like to know how well guns can ba ?ym−ehronizec, We shell need Information about. the pessibilitiosof firinz. other than cylindrical shapes at lower velocities, Also; ws shell necd to know tha mechanical effects of the "last waveProcecdinzg the projcectile in the gun barrel. Also whether the} projectile can be made t. sect itself Properly and whether a vis−ton of inzekive material may be usod to drive the active material| into place, this being desiradle beceuse thus tho active materialnlzat bo kept out of the gun barrel which to some extent acts a3 −a trmper,

?Various other shooting arrangements heve been susgested but
@

yet not corofully analyzea

’ Brig] s has beon Sussestcd thet tho ploces migkt be mountad| ? vrinn a n the sketch, If oxplosive material waro distrta.Ping end fired the pieces wauld bs bla?m inward

5 59 hava the sphere as−
rbirg material built ins

i
th a wedse of neutrosn−nrbasi

% by an oxplosive charza
o

n3 would dc blown su
−ofron less tan unity to more than unity. Herain tho Tact that no mäterlai is knomm whosnAb For fast neutrons 15 much larger than5}
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She ta?rm Neutsyebelytie mebhad" is being used 69 desen

any reorape.onb In wh.ch tho maulons Jf muterisl produecd by

ronmki:z weit web, at Lorst Dar time, t) lneresse V?rriher

en durrunse it, Evidentiy if arrongcmenss hevying vnia pr>pe

cen br durslopeä thay would be very voluabli, espccieliy IX

tendsacr tensrd incfensing V/ was passesseä v2 any marked dosraz

Sunosse we had an arrangement in walch far cxamnlecy/wou

inezanso ni its own acenrd Irma low veiue:− like 0.01 up ts a

vrlue 12 t53 50 times gruater. The firing problem wauld bo sim−

plifticc by the law initial value af v? and the efficiency would

be maintuined by the tendeney t9 develop a hizh velue af v? as

tne ranoation procceds. Lt may be thnt a methad af this kind will

be cbsolutely essentisl for utilizatinn of 49 »wing to the dilti−

cultics >f high neutran background fram (nn)
rcacti>sns wich the

er
s os elready discussed. ,

The simplcest scheme which

might be autsestalytie is In−

is in place one has just the

resisan. If &s the reuxctinn proyceeds the expansinn were t9 pra−

ceed only inward it is casy to sce from diffusim Lhesry that v/

wsuld increrse. Üf course in actuel feet it will procced outvar

(tending t> deereaso )?) as well as inward and the nutward ex−

pansion would in rerlity give the dsminent effect, However, even

if the nutward expansinn were very small compared tt» the inward

expensi>n it has been caleulated that this methad gives very lo,

offleienev: with 12 Ne an efficiency af ynly ebsut 10?? was cal−

eulnrtad.
p arrangement is the "born bubble" achene. »10

st knam &bs?rptian cpuss−section for fast neutrons,

m2, Suppase we take a large mass ?f active materinl

end put in ensush baron %9 moke the mass just eritical. The de−

e moro activo material or tamper,.
&s the reactinn prxcecds the

boron is compressed and 1s

et:
less effective at absarbing

üctive neutrons than when nat cam−

presscd, tnis can ba seen
most readily Af ?ne esnzlders
the case in which the budbles

a irere esmpered to the mean depth In which a neutvan goes in

ron »ufnrs being absarbed. Then their eflTecetiveness in remyV−

ing nautrans will be prozartinnal to their totol erca and so will

dran on enupresslöon. NHenco UV? will inceresse as the bubblas are

esmorcesseü,. If tho bomb is sufficiently large this tendeney 19

b>unl 19 2
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verweigh the opposing me duc t) the general expanslon

of tha bmb material, since the distenec the edge of the banb mua
sa ? s Yarr? : : cm I6 aan I!y?c

duza a shvon deerernse in ?Il irsvrensoan witn Ihs pas

went
.

?

− dieatcä in the skctch wneruN ) ._. the active metericel is dis−ur pased Ina h>ll»aw shell. Sup− ’?u ipase that when the firing plugeriticcel mass far this canfig−
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<| ecBio mmst move Is unchanscd, since it is n»t nceöossery 3 11−> the rzadlius »3f the bubbles but nly tn» use marc Sf. themThe density sf particles (vlectrans plus nuclcei) in barconx 10° particle/cn® while in uranium it is more then 5
Greater, Therefaro as syn as the reaction has proceedcdc paint waere there is a high dcgsree of ionizatian And tacal bcnaves as a gas there will be a grent ncetian to can−?he baron. An oppasing tendency t5 the ane dcsired will be
rring >r turbulence acting t» mix the bar»n unifasrmly with

unifarm, but the time scale is t»9 shart far this ta:ibe er−
ve,
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It con be shoym that ir initielly V=o, allawing for thebyran absarptian, and if n» expensi»n of the outer edse nccurs

then
vV? will rise to v’n 2 (yU−) by campresston of the born,

®:;
schceme requires ct lcäst five times the critical mass fora baran, −cnd the efficiency is low unless coansidergoly mare is

used,
?If one uses just that amount ?f boron which makes twice then»−baron eritical mass be just eriticeel, then the efficiency isl»wer by @ factor at least 30,
All autascatslytic schc.ics that have been thyught of sa for

reauire large nmmaunts »f active mrtcriaol, are low in efficisne
unless very large amsunts ere used, and are gangeraus t> handle.Some bright idcas are nocded.

22. Cancelusiar.goSOHSLUSLSE

From the preceed.ng »utline we see that the immediato ex−
periusnsal program is largely cynecrned with meosuring the neutran
p2>

rties of verisus materials, and with the »ardnance problen, .t
De
is olss necessary v5) start n»w studies on techniques for directerimentzl determinatinn of eritical size and time scale, w?rk=−a.

©
ing with lIcrgo but sub−critical amyunts ?f active mäterin]l.
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