NOTICE— —
This report was prepared as an account of work
sponsored by the United States Government, Nelther
the United States nor the United States Atomic Energy |
Comemusion, nos any of their employees, nor any of !
theis 1or, sub tors, or thels employees, |
makes any warranly, sapress of implied, or assumes any
logal liability or responsibility for the sccurscy, com.
ploteness or usefulness of any information, spparatus,
Product or process disciosed, of represents that ity use |
would not infringe privately owned rights.

The following notes are based an a set of five
lectures given by R. Serber during the first two
Weeks of April 1943, as an "indoctrination course™
I connection with ¢ starting of the Los Alamos
Broject. Tt s were written up by E. U. Condon.
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The object of #he project is to produce =& practical

militarg weagon In the form of a bomb in which the energy 1s re-
ease Yy & 1ast pneutron chain reaction in one or more of the
materials known to show nuclear fission.

2. Energy of Fisslon Process

The direct energy relcese In the fission process is
of7the order of 170 MEV per atom. This is considerably more than
10 times the heat of reaction per atpm in ordinary combustion pro-
cesses,

This is 170-10%-4,8-10719/300 =2.7+10~4 erg/nucleus.
Since the weight of 1 nucleus of 25 is 3.88.10-22 gram/nucleus the
erergy release is A
Te10~ t;E;,fam
The energy release in TNT is 4°+10'Y erg/gram or 3.6+101% erg/ton.
Eence
1 kg of 25 2~ 20000 tons of TNT

5. Fast Neutron Chaln Reaction

Release of this energy in a large scale way is a
porsibility because of the fact that in each fission process, which
requires 2 neutron to pronduce it, two neutrons are released, Con-
sider a very great mass of active meterial, so great that no neutrons
are lost through the surface and assume the material so pure that
no neutrons are lost in other ways than by fission. One neutron
released in the mass would bucome 2 aftor the first fission, each
of these would produce 2 aftcr they cach had produced fission so -
ih the nth generation of neutrons thcre would be 27 neutrons avail-  Toem

Bblﬂl

Since in 1 kg. of 25 there are 5‘1?25 nuclei it would

require about n 80 generations ( 280 ay 5:10%° ) to fish the whole

kilogram, ,
While this is golng on the encrgy relcase is making

the material very hot, developing great pressure and hence tend-

ing to cause an exposion,
In an actual finite sctup, some neutrons are lost by

diffusion out through the surface. There will be therefore a certair
size of say a spherc for which the surface losscs of neutrons are
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The following notes are based on a set of five
lectures given by R. Serber during the first two
weeks of April 1943, as an "indoctrination course"
in connection with the starting of the Los Alamos
Project. The notes were written up by E. U. Condon.,

1. Object
The object of Whe project is to produce a practical
militarg weagon in the form of a bomb in which the energy is re-
ease Yy & Iast neutron chain reaction In one or more of the
materials known to show nuclear fission.

2a Energy of Fisslon Process

The direct energy releesse in the fission process 1is
of,the order of 170 MEV per atom. This is considerably more than
10 times the heat of reaction per atpm in ordinary combustion pro-

cesses.,

This is 170:10%+4,8-10-10/300 =2,7:10-4 erg/nucleus.
Since the weight of 1 nucleus of 25 is 3.88+10-22 gram/nucleus the
energy release is

71017 eré/gram
The energy release in TNT is 4°+10% erg/gram or 3.6+1016 erg/ton.
Hence
1 kg of 25 2220000 tons of TNT

3. Fast Neutron Chain Reaction

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

eble.

Since in 1 kg. of 25 there are 51?25 nuclei it would

require about n 80 generations ( 280 oy 5.10 to fish the whole

kilogram,

While this is going on the encrgy relcase is making
the material very hot, developing great pressure and hence tend=-
ing to cause an exposion.

In an actual flalte sctup, some neutrons are lost by
diffusion out through the surface. There will be therefore a certain
size of say a spherc for which the surface losscs of neutrons are
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Just, sufficient to stop the chain reaction, This radius depends
on the density. As the reaction proceceds the material tends to
expand, incrcasing the recquir nimum size fastcr than the actuel
size incrcases,

The whole quecstion of whether an effoctive exposion
1s made dopends on whethecr the reaction is stopped by this tendency
before an appreciable fraction of the active matcrial has fished,

Note that the energy rcleascd per fission is largc
compared to the total binding cnergy of the electrons in any atom,
In consequence cven if but 3% of the available energy is released

the meterial is very highly ionizcd and the tempcrature is raised
to the order of 40.106 degrces. If 14 is rclcgsed the mcan spoed
of the nuclear particles is of the order of 108 cm/scec. Expansion
of 2 fow centimeters will stop the rcaction, so thc whole reaction
must occur in about 5°10-8 sce othierwisc the matcrial will have
blown out cnough to stop it, 2

Now thc spced of a 1 LEV ncutron is about 1:4+10%m/sec
and the moen frec path between fissions is about 13  om so the mean
time betwcen fissions is about 1078 sec. Sinec ohly the 'last
few generations will rolcasc chough encrgy to producc much eoxpan-
sion, it is just possiblc for the rcaction to occur to an interest-
ing extent beforc it is stopped by the sprcading of the sctive
matcrial,

Slow ncutrons cannot play an csscntial role in an
explosion proccss sincc theoy r:iquirc about = microsccond to be
slowcd down in hydrogenic mstcrials end the cxprosion is &ll over
beforce they arc slowcd down.

4. Fission Cross-scctions

The materiels in question are U655125, UGQB-QS and
clement 94239 40 and somc othors of lcsscr intcrcst,

Ordlnary urenium cs it occurs in naturc contains about
1/140 of 25, thc rest bc'ng 28 cxcept for & very small amount of 24.

Thc nuclcar cross-scction for fission of the two kinds
of U and of 49 is shown roughly in Fig. 1 wherc J; 1is plotted
against the log of the inecident ncutron's ggurgg. ¥Wec sce that 25

om< fo

hes & cross-scction of sbout O % 1.5°10" r neutron cnergies
cxcceding 0.5 MEV cng risgs to much higher .alues at low ncutron ene
crgies (7z = 640:10°24 cm© for th.:mal ncutrons). For 28 howover o
thrcshold e¢ncrgy of 1 NMEV occurs b.low which % = 0. ibov& the
thr.shold T is fairly constant and cqual to 0.7+10°24 cm®,

(Fig. 1 on noxt pego)




log neutron encrgy in EV.

Neutron Spcetirum

In Fig., 2 is shown the cnergy distribution of the
nocutrons reclcescd in the fission proccss. The metn encrgy is about
2 LEV but rn dppreciade frcct! )f thoe ncutrons rclcascd have less
than 1 MEV of cnergy and so arc unable to pooduce flission in 28,

On¢ con give c¢ quitc satisfrctory intcrpretcotion of
the oncorgy distribution in Fiz. 2 ty supposing it to rosult from
evaporettion of ncutrons from thc fission product nuclci with ¢ tem-
peraturc of cbout } LEV. Such ¢ wexwclllian veloclty distribution
is t2 be releative to the moving fission product nuclci ngiving : isc
to a curve like Fig. 2.




ncutron cnergy in i

6. Ncutron numbcr

The average number of ncutrong produccd ner fission
is denoted by J . It is not known wh.thcr V hes the seme vesluo for
fission procosscs in diffcrcnt metueriels, induccd by fost or slow

neutrons or occurring spontancously.
The best value nt prescnt is
v= 2.2 + 0.2
although a veluc V= 3 hes becen roportcd for spontancous fission.

7. Neutron cspture

When neutrons arc in uranium they ere also caused to

disappocar by another process roprescnted gz the equation
28 4+ n — 20 «+

The rcesulting element 29 undergocs two succcssive transformations

into elemonts 39 and 49. The occurrcnce of this proooss in 28 acts
to consumc neutrons and works sgainst tho possibility of a fast

ncutron chain rcection in meterial comtaining 23,
It is this serics of rcactions, occurring in & slow

ncutron fission pile, which is thc basis of a projcct for largo
scale production of oclrmont 490,
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8, Why ordinnry U is safe

Ordinary U, containing only 1/140 of 25, 1s safe
ageinst o fast neutron chain because, (a) only 3/4 of thc neutrons
iron & fission have cenergics above the threshold of 28, (b) only

of tho ncutrons cscapc becing slowed below 1 MEV, the 28 threshold
beforc they makc a fission.
30 the effoective neutron multiplicrtion number in 28 is

vV = 3/4 x 1/4 x 2.2 = 0.4

Bvidently a value greater then 1 is n-cded for a chein rcaction.
Hence a contribution of at lerst 0.6 s nceded from the fissionability
of the 25 constituont. Onc cun cstimrte thot the frection of 25
must bo incrcesed at lcrst 10-fold to make an explosive rcaction
poasible.

1al 49

- L

As mentioned obove this meterizl is prepered from
the neutron capturc reaction in 23. So fror only microgram quantitics
have beon produced so bulk physical propertics of this element are
not known. Also its ) volue hes not beon measurod, Its (g has
boen measured and found to be about twice that of 25 over the whole
enorgy range. It is strongly X-radioactive with a half-=1ifoc of
about 20000 ycers.

Since there is every rcason to expuct its V to be
close to that for U end since it 1s fissionable with slow noutrons
it 1s oxpeccted to be suitablo for our problem and enothor projcct
is going forward with plens to producc it for us in kilogram quan-
tities.

Further study of all its propertics hts an important
plece on our program as rapidly as suitsoble quentitios become
availeblec,

10. Simplest Estimate of uinimum Sizc of Bomb

Let us considcr o homogcncous metcrial in which tho
noutron number is \ 2nd thc mern-time between fissions is T in
Sec. 3 we castimrted T= 10=%soc. for urcnium. Thon if N is the
number of neutrons in unit volume we heve

N + di = )J_;__"_ N
The term on the right is the net rote of generation of noutrons in
unit volumc. The first term on the 1lcft 1s thc rate of inerease
of noutron density. In thce sccond torm on tho left is the net
diffusion current strcam of the neutrons (net number of neutrons
crossing 1 em® in 1 scc across a pleno orientcd in such 2 way that
this net number is moximum).

In ordinary diffusion thcory (which is velid only
when all dimensions of boundaries nrc lorge comprrod to the mecn
frce path of the diffusing particles - n condition not fulfillcd
{n our cnse) the diffusion currcnt is proportionel To the gradlicent

of N’
rod N
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o3 Shoaor 4"
A8 the diffusion coefficient ( cm?/sec).
Hence we have

N =Dan + ()N

——

Assume a solution whose time dependence 1s of the form
J’\[ — J’\.’: f’f"(l g, 2) e}”t/?‘

where V' 1s called the "effective neutron number". The equation
to be satisfied by N, 1is
BN+ — i =9

together with a boundrry condition, In the slm.le case in which we
are dealing with a sphere of radius R, we mey 3:ippose that N, 1is
spherically symmetric.

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

NiCr) = StiBssft

provided shat ¥y’ has the value :
,"; o ’FED " ‘/R'Z.-

This shows that in an Infinitely large sphere tiuc neutron density
would build up with the time constant (y-1)/7" . Smaller spheres
bulld up less rapidly. Any sphere so smell that v/'< O 1is one for
which the neutrons loek out the surface so repidly that an initial
density will die out rather than build up. Hence tho eritical red-
fus is given by A D 7

“ - -‘) = 'f

Now D i3 given by D= 31v/3 whcre 2 is the transport
mean free path, ¥ = |[/ng, , n is the number of nuclel per cc and

8

[ 0z (1-ces &)dw

which brings out the repson for mc-suremcnts of the angular scatter-
ic U we have

ing of neutrons in U. In meteall
T = 4« D" Rowr
which, for a density of 19 gm/cm®, gives i=5 cm,
Also
y

T’ —_— — o ey e 1 8y
v _ : Dr= 3 £ -

AR 'a:;:ZZ.O,

refore . =
The > Al L 2RO

H ,\'C — _-‘_._g“ - lg.s .Md R(- - ls‘; H‘

The eritical volume is thereforo 10.5:10° cm® giving e critical
mass of 200 kilograms.
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Exercisc:
Show that if thc gadget hcs the shepe of a
cube, 0<x<a, o<y<a,K (<7<£LqQ , that the critical

value of a 1is given by r—
ue O 2 1 Lf a i Rc

Hence the criticel mass for a cublicel shapo 1s
35/2 ) n = 1.24 timcs as great os for a sphere.

The value of the sritical mess is, however, con-
siderebly overestimatcd by the vlementhpy diffusion thcory. The more
exaet diffusion thcory cllowing for the long free path drops Rec by a
factor about 2/3 giving

12(: ~ D ean M. ~ 6O kj q; 2.5

The elemcntery trectment just given indicetes the
dependence of Mc on the principal constants
3

F
Mce ~ T Loy e (v-17] 72
where is the density. For R‘i‘ncwe havn the time dependence of
neutro multiplication gi ven by [\}ul'\{'r_‘l- l%’) ]/'}"

fience for a sphere of twice tho critical mass thc time_constant,
for multiplication of neutron density byegis 2.4 x 108 sec.

11, Effect of Tamper

If we surround the corc of active meterial by a
shell of inactive materiel thc shell will rcflect some neutrons
which would otherwisc cscapc. Therefore a smaller quantity of
active material will be cnough to give rise to an explosicn. The
surrounding ccse is called a temper.

The tampcr material serves not only to rcterd the
escape of neutrons but also by its inkrtia to rctard thc expansion of
the active material., (The rctardation provided by the tensile
strength of the crse is negligiblec.) For the lattor purpose it is
desirable to usc the densest avoileble materials (Av, W, Re, U). Pre-
sent evidence indicctes thot for ncutron reflecting propcrticl also,
onc cannot do bettor thcon usc thesc heavy clemcnts. Necdlcss to scy,
a great docol of work will have to bc done on the propertics of tamper
meterials.

We will now analyze the cffect of tampcr by the
same npproximntc diffusion theory that was uscd in the proceding
section. Let D’ be the diffusion coefficient for fast neutrons
in the tamper matericl and suppose the lifctime of a neutron in the
tomper 18 ®/T . Here o = N'%. ,/na , with N’ the nuc-
lear density of the tomper end o4, its cnpture cross-scction., If
the tamper materinl is itsclf fissflonable ( U tomper) the absorption
coefficlent 1s reduced by a foctor ( 1 -J ), with the number of
neutrons Produced per capture,

A% the boundary betwcen nctive material and trmper,
the diffusion stream of neutrons must be continuous sb

s =
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In the tamper the equation for neutron density is =Ty

A i N AC A ] e -
L’ i "'_"f"‘_: N
or for the spatial dependenc '

(...I_/\.'l .-"\. f ] =il - - '\-' ; - = @)

As an cosy spe 1 cnse suppese the tamper has the
same neutron diffusion coefficient ns the astive matericl (i1i.e. the
same mean free path) but has no nbsorption, so o« =0. Then under
eritical conditions (\' ‘=0) :

W% = G f ™! fv_ﬁJ
in the tamper material rnd

in the active material, 4

At the outcr boundary of the temper, » = R , we
must have N, =0 hence _ :
N2 At

On each side of the boundary r = R between ective material and tamper
maoterial, the alopes must be equal so, equating the densitics and
slopes on both sides of the boundary we find the following equation
to determine k,

R/Q/

2R cesoR + ———"— sm &RR =0

</

In the 1imit of o very large temper radius R’ co
this requires that y T

which is just half the vzlue it had in the cease of the untampered
gedget, Hence the critical mass necded 1s one-eighth as much as for
the bare bomb,

Actuelly on bectter theory the improvement is not
as groat as this beccuse thc edge effect (correction for long free
path) 1s not as big in this cese ns in the bere bomb., Hence the
improvement of non-absorptive equal diffusion tamper over the critical
mcss, both handled by more cccurate diffusion theory only turns out
to be a fector of four instead of cight.

Exercise:

onslder a non-cbsorptive tamper metaerial for
which the diffusion cocefficient D' 1is small com-
pared to D. In the limit if D’= O, no neutrons
could oscope from the nctive materinl by diffusion,
80 the criticcl rodius would vanish and any amount
of dctive core would be explosive.
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vhen D//D. = 0.5,)

the tampe iz sorptive then the
iensity in 1t will fell off 11 v~ ki /
neutron densit: _ & r Ay

instead of 1/r which tends 1 . e critical mass greater than
if the tamper did not abscrl
is 1/RR= ¢ V3{;{¢:-t.-‘ * s the wmean frce ":“'1 nd s *Jb number
of collisions be . sucssing s <20 this gives, with
,l’ = '—4-\., an efi'fc 1Y 1 e t ckness - 1L3CT For a Ut!‘-.mper'
%~ 0.6, and tho effeciive thickness is railced 0 17 cm. These
figures give an idcs oi ie tanper thickness =c ¥ required; the
welght of the tampcr is sbout a ton
lor & n . ] tampe this >st availeble calecula-
tions give R, ©cmand N. = 15 Kg of 25 while with AW tamper
M. = 22 kg of 25
< mlight be because of its

larger

ission cross scetion, 1 than thas of 25 by about & fac-
tor 3. So for 49
I & Kg for
7.5 Kg for Au teumer,
Thcse velu 1 critieal mmsses are still guite
uncertain, particulc rlv those for 4¢ To im our estimates rc=-
quires a better knowledge of thc “rope: t

tamper: neutron muih?;i catior imt
sections, overall cxpcr ts on trmper mate ] s Finally how-
ever, when materlials arc av-ail o~ L 1 masses will heve
to be determined by ccturl f

1 bz caused by the

bomb .

A vary - mber of neutrons is rcleased in
the explosion. Onec can 1 e o roadius of sbout 1000 yards around
the site of cxplosion es the slz f tl region in which the neutron
concentration is great onou - severce pothological effects,

Enough r n~teriel 18 produced that the
tetal. aetiyity will ! - " 10® curlcs even after 10 days.
dasgy-whet offect this wil conacring the loeality uninhabi-
table depends groetl ti fagtors about the way in
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Efficiency

ok ; As remorkcd in Sec. 3, the material tends to
blow apart as the reaction procceds, and this tends to stop the
reaction. In genc¢ral then the recaction will not go to completion
in an actual gedget. The fraction of cnorgy rcleased reletive to
that which would be¢ relcased If 211 active metcerial were trans-
formed is cnlled tho efficiency.

Let ﬁ(ot critical radius figured for normal den-

81ty 0o , 2180 Re initinl redius and R = radius at a perticular
instent. Assume homogcneous cxpansion. Then the density when

expanded is 0 = 0, ( R/ ﬂi\s

and the critical radius H. figured with the actual density (3 is
C f/': ~ = T‘-‘) Cu ( 6 ./; \

The rcaction will procecd until exprnsion has gone so far that
Rf = R. Therefore the radius R at which cxpansion stops is
given by RIRe = Ro Ry &
Since the ratio of Nu/licuis equal to the cubec root of the ratio
of M, , the actual active mess, to M, the critica. mess we sce
that ; o S At PP o

RIR G T A Mo / Mco
and therefore a gadget hcving twice the criticel mass will expand
to a radius only Qﬁ = |.lZ times its original radius before
the reactior stops.

The next problem is to find & simple expression
for the time tckon for this cxpansion to occur, since we alroady
know how to colculnte the time constant V/7of the rcaction. Of
course V’/ is not a constant during thc expension since its value
depends on tho radius but this point will be ignorcd at first.

At a place where we have N ncutrons/cm® the-e
will be N/T fissions/cm3 sec and thercfore if £ 1s the ecuergy
release in erg/fission the volumc rate of encrgy generation is

(8/7')ﬁf . Honce the total energy relecsed in unit volume
between time —o0 and timc ¢ 1is vt/
W= (E/IVIN €

Most of this encrgy goes at once into kinetic
energy of the fission fragmcnts vhich are quickly broughkt to rest
in the material by communication of their cnergy largely to thermal
kinetic cnergy of motion to the othcr atoms of the active stuff.

The coursc of evints is shown in Fig. 3. The
units on the scrle of cbscissas narc units of V¢/7 . If there
was no expansion, and if the ratc of renction toward the end was
not slowed down by depletion of active material, then the cnecrgy
reoleescd up to a given time in crg/em® would be given by the volues
on the upper logarithmic scele. The plcces on this scale. markes.
100%, 10% and 1% rcspectively show the energy rcleased in unit vol-
ume for these threoe values of the cfficioncy. A sccond logarithmic
scnle shows the growth of the neutron density with time under these
nsspmptiona.
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membes ol he Fios : It can be cnlculnted that tho pressure in atmose-

without PASTOS "18° ¥Yery roughly 1ilc thce values glven on the third scale,
At ¢ point just below 1047 erg/cm® cvolved the rodiation pressure
1s equal to the gas_precssure, aftcr thot radintion pressure pre-
domincntes. Neor 101 crg/cm3 is the place where the solid melts
80 up to this time nothing very drastic has happencd - the impor-
tant phenomenc occur in the next 20 units of VLT

Very roughly we mny estimrte, ns follows for

masses not much larger than the critical mass, the combinntion of
factors on which the cfficiency denends: In a time of the order
5/y’' the material moves from R, to R so scquires a velocity

V' ~ (V/T)(R=- o)

K-—-RKRp ™ Ii' AOFReo

The kinetic energy pcr grom thot is qc:uigcdlby_;he neterial 1is

L/ 2 e ‘—I:l’\“/"‘1 oy Rc.-_ )
The total energy releansed is greotcr in the order pV = palV'

or 2/3a . Let € =7.1017 erg/grem be the energy relense for
complete conversion then the officienecy is of the order

f = (V™72 (s%74) P, (2/30)
o~ (Ve Ve T) Rie A
For en untampered gadgct
Va’

Writing R = Reo(1+ Q) we find that

or

giving

{{:_____

Putting in the known constamts —
we find
— K QS L.M'ld\

If this very rough calculation is replaced by
2 more accurate one the only change is to alter the valuc of the
coefficient W.K.The calculntions nre not yet complete, but the
truo value 1s probebly K=~ z# L . '

. Hence for o mass thot is twice the critieal mass,
Re = ﬁ 'R.¢ 80 (s~ 0.25ond the cfficicency comes out less

than 1%. We sce that the efficioncy 1s extremely low even when
this much valuable material is used,

Notice that -~ varies inversely as the velocity
of the neutrons. Hencc it is edvrntageous for the neutrans to be
fast. The ecfficiency dopends on the nuclear properties through
the factors ‘f Sy _‘_1;_1_(3_-_:]?_ %-f— é.3.
where V is the mean specd of the neutrons afd the other symbols
are already defined.

In the ebove trentment we heve considcered only
the effect of the gencral cxpansion of the bomb materinl. Thore
is on additional effoct which tunds to stop the rcaction: as the
pressure bullds up it begins to blow off material at the outer edgo
! —Oi'm'lbﬁf;% turns out to be »~f comparable importance in T apm—
3 ot Tl o d 32 i lenee S B = I S
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stopping the reaction to the general expansion of the interior.
wever the formula for the efficiency can be shown to be une

changed in form; the edge expansion manifests itself .L.pltﬁ:n

& reduction in the constant K. The effect of blowing off edge

has been already taken into account in the more accura:zo estimate

of K given above.

14, Effect of Tamver on Efficiengl

For a given mass of active material, tamycr always
increases efficiency. It acts both to reflect nsutrons lsck in
the active material and by its inertia to slow the exparsion thus
giving opportunity for the reaction to proceed farther bcfore it
is stopped by the expansion,

However the incrcase in sfficiency given hy a good
tnmper is not as large as one might judge simply from the rodve-
tion in the critical mass produced by the tamper. This is dic
to the fect that the neutrons which arec returned by diffusion
into and back out of the tamper take a long time to return, pare
ticularly since they are slowed down by inelastic impacts in the
tamper material,

The time scale, for masses noar critical vhere
one has to rely on the slowest neutrons to keep thc chain going,
now becomes effectively thc lifetime of ncutrons in the tamp:i,
rather than the lifctime in the bomb, The lifetime of neutrons
in a U tamper 1s~~i0"'se, ten times that in the bomb. The eoffi-
ciency is consequently very small just above the critical mass,
80 to some extont the rcduction in critical mess is of no use
to us,

One cen gct a picture of the effect of tampor on
efficiency from Fig, 4, in which U ,/is plotted against bomb
radius for various tamper materials. The time woidle is given by

71/Yf } the efficiency, as we have seen in the precceding
section, is inversely proportional to the square of the time

scale, Thus  ._ iz,




If we use good temper (U) the efficlency is very low near the
eriticol mass duo to the small slope of the \’' vs.R curve ncar
Y’=0. When one uses a mass sufficlently greater thern the

eritical to got good efficicency there is net very much differ-
ence botwesn U and Au os tamper materials,

It turns out that if ono is using 4 K- 2and the
U tampor, then only abou® 15€ more cctive meterial is necoded
to got the seme energy rclcuse with a gold tamper, altheugh the
eritice]l mnssos diffor by 50%.

In cddition to refleccting neutrons, the tnm r
2.22 inhibits the tendency of the cdge cof o bomd to btlys off.
The adge oxpands into the tomper metcrinl, starting ¢ shacl
weve which comprosses the tomper metosicl sixteenfold. Th.sc
odge offects as remarked in Scc. 33 alweys act to reduce <he
factor K in the formula, 5 = K /\3 ,but not by as great en amount
ir. tho case of tampod bomb as in the cass of the untamped borb.

15. Dotonation

Before firing, the active material must be ¢Jjs-
posed in such a way that the effective ncutron nuamber )/ {is
less than unity. The rct of firing consists in producing a re-
arrangemont such that after the rcarrangement \)/ is greater than

unity.

This problem is complicated by tho fact thet, as
we have seen, we nced to deal with a totel mess of active material
considergbly greater than the critical in order to got appreciable
efficiency.

For any proposed type of rearrangement we may in-
troduce a coordinatcﬂx, hich changes from O to 1 as the recr-
rangement of parts priocceds from its initial to its final velue.

Schematically v’ will vary with g rlong some such curve as is
he

indicated in the skotch., Since rearrangement procecds at a

finite speed there will be o finite time interval during which
V" though positive is much smaller than its final value. .o

sonsidored in mérd dotnil 1-tcer there will always bo some un-
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+"d¥oldable sourcos of neutrons in the active material. In any
echeme of rearrangement some feirly messive amount of material
will have to be moved a distance of the order of K, ~» 10 om,
Assuming & speed of 3000 ft/scc cen be imparted with some type
of gun this mcans thot the time it tekes to put the pieces of
the bomb togecther is ~s 10-% sec. Since the whole explosion:
is over in o time~7§ 7/y'c '""*scc, we sec that, except lor very
smell v/ (v7¢ p1), an explosidn started by a premature noutren
will be all finished before there is time for the plecus t> move
an apprecciable distance. Thus If ncutron multipliecetion hrpcens
to start bcfore the piccos recch their final configuratica rn ox-
plosion will occur that (s of lower efficicney corrcspondiag to
tho lower value of at the instant of explosion.

To svoid precdetonation it is therefore nocessery

50 kcep the noutron berckground ns low cr porsible and to elfect:
the rearrangement as rnpidly as possible.

16. Probability of Prcdetonation

Since it will be clearly impossible to reduce the
neutron bockground rigorously to zero, therc will always be some
chence of predetonation., In this section we try to see how great
{his chance 1s in order to sce how this affects the firing prcb-

cm,

The chence of predetonation is dependent on the
1likelihood of & noutron appecring in the active mass while V’/ 1is
still sm2ll and on the likelihood that such a neutron will really
sot off c chein reaction. With just a single ncutron relersed
when y'>slt is by no mecans certain that a chain reaction will
start, since any particulor neutron may escape from the active
material without causing a chain reaction.

The question can be considered in relation to a
little gambling problem. I1n tossing loaded coins suppose g is
the probability of winning and q that of losing, Let P, e the
probability of losing nll of an Initial stock of n coins. On the
first toss either one wins and thus has (n + 1) coins or loses and
thus hes (n - 1) coins. Hence the probettlity F,, 1is given by

Pﬂ = p phv -+ Dn—
the solution of which is e

Pa = (§/p)"
Identifying this with the neutron multiplication problem one cen
show that 4/pp = |- 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.

Suppose now that there is a source of N neutron/
sec. Let Plt)be the probability of not getting a predetonation
up to the instant t. In the interval dt we have

dP = —Ndt vy P
On the left the first threc factors together give the probabiiity
of going orr:h time dt, and the factor P ‘s the probability of nov
having had o predetonation up to that time, J

MNear the value V/=( we may suppose thatV’ varies

¥ with time, v/ = @T, Hence, integrating the differential

‘: o il: -’V(__tL
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where N=Nt 18 the number of neutrons expected in the intcrval
between t = 0, when )/= 0, and the time when the multiplication
number hes reached the volue v/, Evidently for a partlicular
type of firing rearrangenent N will very invcersely as the veloe-
ity with which the firing rcarraongcement is carried out,

Por example considcr a bomb whose mass is bctwoen

two and three critical mnsses, for which the finel valuce of v/ is
0.3 and suppose thet N = 10% neutrons/sce from unavoiderblo
sources. Also suppose thot one ploce must move d = 10 em from
the v/ = 0.0 configuratisn to the finaly' = 0.3 configurrtiai.
Supposc that this piece has a velncity of 10° cm/sec tocn & = 1
and P = é - 0.1 8&

so therc is approximatcly a 15f chance of prcdetonation.

This is the chance of predctonction any time up to
thet at which the final velue of Vv’ is roached, In this example
the exponent is small cnough that the chance of predetonation,

(1 - x¥’ is given by the linecar approxiurtion.
(1=P) = ¢ Ny
Since the efficiency verics as y'? one will get an cxplosion of
less than 3 of the maximum if it goes off before v/ has rcached
the velue 0.3/¥§ = 0.'9 . Hence the probnbility of an cxplosion
giving less than 25§ of the maximum value is
(/3 =.s = &Y

The excaple serves to indicate the importance of
teking great pains to gct the lecast possiblc neutron background,
and of shooting the firing rearrangement with tho maximum possible
veloeity. It scems one should strive for a neutron background
of 10000 neutron/sec or less ond firing velocities of 3000 ft/sec
or more, Bith of these are difficult a4 attainment,

of
17, Pizzles

The question now arises: what if by bed luck or be-
cause the neutron background is very high, the bomb goes off when
v/ 18 very clise to zero? It is important to know whether the
enemy will have an opportunity to inspect the remains and recover
the meteriecl., We shall see thrt this is not a worry; in any
ovon{ftho bomb will generate enough energy to completely destroy
itse ®

, It has been remarked in the la3t section thet for
very small V'’ /v'<.¢j), the explosion tekes so long that the
pleces do have time tn move &n apprecicble distance bofore the
reaction ends. Thus cven if o ncutron cnters and starts a chain
just when V/=O thore will be time for V/ to rise to a positive
value, and give an efficiency small, but greater than zero.

y Suppose, then, that a neutron is released when
V/=0, The number »f neutrons builds up according to the equa-
o No= (VTN s
As o first approximation we may suppose v/ vart ' iprly with

+ cnkio-di gbanoe-gp' the pleces move from éhe\’ point wh =0, %0

=

’ Sestas :nhm the -a:nf @k % v[ - \ }U x / o
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timnl configuration, and Ao {8 the distence t> reach this config-
uration, Ig‘thu velyelity »f fire is v, we heve x=vt,
t‘
n N =[5 prrriae = £ %V g
Supp>se the renctlion e->ntinues until about 1088
neutrans are produccd, which would corrcspo>nd to an energy proe
duction equivalont to 100 tons of TNT, Then, at the end »f the

reactinsn Ew- M 2Lilx RO E G0

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

mate of the onergy rclesse, Howover, sinece the final number of

neutrnons enters onl? in the loiarithm of a large numbe™, nur ree

sult is quite insenBitive to wnat we trke for N at this point,)
Thus the¢ reaction ends when

NG . 1N T
7T — - v joo Bl
2 Ude TS50 x? z yr ' o v

The efficiency 1is 3 "
/ $ 3 & o2l I8
g e SV 5 ol ( do
Using the sonme figurcs as In the precceding section
(V.,-.'a,v-_ Ic% =10 )we find £ 2w TS 5

The mass of 25 1a_the bomb is about 40 kg, The mass used up is

thus 4o »§ » /0% =P3 kg, nnd the cnergy rclecse is ,0035 x 20000=
60 tons of TNT equivalent, ample to destroy the bomb,

18, Detonating Source

To avoid predetonatisn we must make sure thet there
is only 2 small probability of a neutrsn nppearing while the
Pleces of the bomb are being put togother. On the other hand,
when the pieces reach their best position we want to be very sure
that a neutron starts the reaction before the pieces have a chance
to seperato or breank, It may be possible t> moke the projectile
soat and stoy in the desired position., Pailing in this, or in
any event as extra insurance, another possibility is to provide
a strong neutron source which bocomes cctive as snon as %Pn i
pleces come into position, For excmple one might use a Ra + 131-_,
source in which the Rqis on -ne piece and the Beon the sther so
neutrons are only produced when the pleces are close to the pro-
per relative position,

We can ensily estimate the strength of source re-
quired, After the source starts working, we want a high probabile-
ity of detonation before the pleces have time to move more than
say 1 cm, This means thnt N, the neutrons/sec from the source
must be large en>ugh that N

3 - Ki“ Ny ™ |
o 3 Y- >> 1 (say = 10)
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Ve project, even of the sane lot " 3 .\.LLS(_.
without wpecific authorization. g 19 the yield from 1 gr N4 intimately mixed
with beryllium, Hence it might bc noccssary to rise several
of radium since it will probrbly not be used cfficiently

n this type of anurce,
Same other subatance such as polonium that is

not so AX-active &s radium will probeably prove morc satisfectory.
Evidontly & source of this strongth that can be

activated within absut 10"5 scc and is mechanically rugged enough

to stand the shocks nss>cinrted with firing prescnts a2 difficult

prablen,

19, N6utron Backgr->und

There arc three recignized sources of neutrons
which provide the background which givcs rise to danger of
tonatisn: (a) cosmiec ray neutr-ons, (b) spontaneous fission,
¢) nuclear reactions which produce neutr:ns,
(a) Cosiic Ravs, The number of cosmic ray neutrons
is about 1 per cm® per minute which is too few to be of any ime
portance,

(b) Spontaneous fission. The spontanesus fission
rate is known only for c 8 responsible for the fission
activity of o>rdinary U, At present we have only ugper limits
for 8F and 49 since tne activity of these has not been detected,
The known facts are

2% quats IS muJﬁmS/ﬁgsﬁc.
2S » < |50 »

4> » < Soo 3

It is considered probable that the rates for 256 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 neutrcn/sec., This does not seem difficult to beat,

But if U i1s used as tampor this will weigh about
n ton which gives 15000 neutrsn/sec. Of course not all of these
will get into the cctive material but one may expect a background
of several thousand per second from this source,

Tius with a U tamper one is faced with tho problem
of high velocity firing, In the range of moderately high ef-
ficiencies, scy 4 M, »f active mnterial, it might for this recson
not be worth while to vse a U tomper, since nos we Have seen, an
inactive tampor will cost only abrut 15% more active material,

Or sne might use a compromise in which the tcmper was an inner
layer of U, backed up by incctive material; for messes this large
the time scale is s» short that noutrons do not have time t> pen=-
etrate more than about § cm into the tamper anyway.

(c) Nuclear reactions, The snly imporitant reac-
tions are thel(¥,njroactions o elements which might be pre-
sent as impurities, The(g‘“\renctiona have a negligible yleld,
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Let us examine what sort of limit on light element impurities
in the active material is set by the need of holding down the
neutron background from this source,

The problem is particuvlerly bad for 49 dince its
hllf-li‘e is only 20000 yeers. Its meen life 1is thua 30000 I.lrl
= 10+% gec, ghua 10 kg of 49, containing 2.5 x 1025 nuele
giv.s 2.5 x 10} O(-particles/sec.
The yleld from Ra x's on Be is 1.2 x 10-4¢ and
the shorter range from o's of 49 as compared with those of R3
and its oquillbgium products will perhaps cut this figure in
half, say 6:10°°, Since the stopping power for 's of these
energies is proportion~l to (A where A is the stqomiec weight,
the stopping power per gram is proportional to 7 ‘

If the concentration by weight of Be in the ac-
tive material is C then the yleld of neutron/sec 1is

/ r?:33 + @ v Nu s\

where Mo 1s the number of o 's per second and is the yield,
Hence to fot 10000 neutrons/sec one would noed td have a concen-

tration given by
x2S 100 e T 10!

thet is ¢ (0" ¢
which Is;or Course, o very low concentration of anything in any-
thing else,
The yield 2raps ropidly as one goes to elements
of higher atomic weight because of the increased Coulomb barrier,
So 1t 1s unnecessary to consider limits on elemonts beyond Ca
as long as ordinary standerds of purity are maintained.
Experiments on the yields with light elements
need to be done, One can base some rough guesses on the standard
barrier penotration formulas and find the following upper 1 8
on the concentruiion by weight for ssveral light elemen
production of 10% neutron/sec/ , 2 %3g
L 2 x 1075 _ 5% %
Be =20=7%. 10
2:10-
2-10"

3
- i
2 x 10°9 e
2 x 105

# Low yield because only Cl3 contributes,
## (2~n) reaction not energetically possible.
Low yield because only 017 contributes.

The effect of several impurities simul taneously 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 extremely difficult problem., And
it seems very probable that the neutron background will be high
and therefore high velocity firing will be desirable,

With 25 the situation is much more favorable. The
Q's come from 24 present in normal U to about 1/10000. If all
24 goes with 25 in the separation from 28 we, shall have 1/100 of
24 in the 26, The lifetime of |24 {s 1 ,'L:ubb!that.sﬁn | the

o
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concentration of impurities in 25 may be 104 times thet in 49
for the snme background, which is not at all difficult of attaine-

ment.
To summerize: 49 will be extremely difficult to work with
from Lhe stand-point of neutron background whereas 25 without U

tamper will be not very difficult.
20, Shooting

We now consider briefly the problem of the actual mechenics of
shooting so that the pleces nre brought together with a relative
velocity of the order of 10° cm/sec or more. This is the part
of tho job about which we know least at present.

: _ \\ One way is to use a sphere and to
C‘&\EJ_, shoot into it a eylindrical plug
% mnde of some active material and
some tamper, as in the sketch, This
avoids fancy shapes and gives the
most fevorable shapc, for shooting; to the projccted plece whose
mass would be of the order of 100 1bs.

The highcst muzzle velocity available in U. S. Army guns
1s one whose bore is 4.7 inches and whose barrel is 21 feet long.
This gives a 50 1b. projcctile a muzzle velocity of 3150 ft/sec,
The gun weighs 5 tons. It appears that the ratio of projectile
mass to gun mass is about constent for different guns so a 100 1b.
pProjectilc would require a gun welighing ebout 10 tons.,

The weight of the gun varies very roughly as the cube of the
muzzle velocity hencc there is & high premium on using lower vel-
ocitiecs of fire,

Another possibility is to use two guns and to fire two pro-
Jectiles at cach other. For the some relntive 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 ¢longrted tomper mass and putting all
the active material in the projectiles so it does not matter
exnctlgawhere they meet. We have been told thet at present it
would possible to synchronizec so the sprcad in places of im-
pact on various shots would be 2 or 3 feet, One sorious rostric-
tion imposed by thesc shooting mcthods is thet thc mass of esctive
material that can be gottcn together is limited by the fact that
eech piece spparately must be non-explosive. Since the zeparate
pleces are not of the best shapo, nor surrounded by the best tam-
per material, one is not limited to two eritical masses for theo
completed bomb, but might perhaps get as high as four critical
masses. However in the two gun schome, if the finel mass is to
be ~-~ 4Mc, cech picce separctely would probably be cxplosive as

soon as 1t entered the temper, snd better synchronization would
- be reoquired, It seoms worthwhile to investigate whether present
performance might not be improved by a factor ten,
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Severe restrictions on the mass of the bomb cen he circume
vented by using pieces of shape more diffi&01t to shoot, For exe
ample a flat plate of cctual materinl temped on only one side, has
& mimimum thickness below which it can no longer support a chain
reaction, no matter how large its area, because of neutron leak-
tge across the untemped surfoce, If two such plates were slid
together, unpamped surfnces in contect, the resulting arrangement
could be well ovcr the criticel thicknoss for & plate tamped on
both sides, and the mass would depend only on the arca of the
plateos, .
Calculations show that the eritical mass cf a well tamped .s*;‘*

spheroid, whose ma

35%

d in half, each¥ "}
pPlece would be sub-critical though the total mass, 250 Kg. is 12¢°
times the critical mass. Tho efficiency of such an arrangement

o would be quite good, since the ex-
SN pension tends to Bring the material

\ fffff' ] more and more neerly into a spher-
icel shape.

Thus there are meny ordnance questions we would like to
have answered. We would 1ike to know how well guns can be syn-
chronized, We shall need informetion about the possibilities
of firing other than cylindricel shapes at lower velocities. Also
we shell need to know the mechanical effects of the blast wave
preceeding the projcctile in the gun barrel. Also whether the
Projectile can be made ts sect itself properly and whether a pis-
ton of imactive materiel may be used to drive the active material
into place, this being desirable because thus the active material
might be kept out of the gun barrel which to some extent acts as

a temper,
Various other shooting arrangements have been suggested but

as yet not carefully analyggﬁun_\\\\\

~\
For example it has been suggestod &t the pleces might be mounted
on & ring as in the sketch. If explosive material were distrib-
uted around the ring cnd fired the pieces would be blown inward
to form a sphere,

Anothoer more likely pPossibility is t» have the sphere as-
sembled but with 2 wedge of neutron-abssrbing material built into
it, which on firing would be blown »sut by an explosive charge
causing J’ to go from less than unity to more than unity, ore Q'_'i}-}
the difficulty lies in the fact that no material is known whnase -
absorption coefficient for fast neutrons is much larger than th
emission coefficlent of the bomb material, Honce the absorbing
plug will need to have a volume comparable to that of the absard
er and when removed will leave the active material in an unfav-
orable configuratisn, equivalent to a 1law mean density,
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21, Autoceotalytic Methods

The term "rutocetrlytic meth-d" is being used to describe
any errengenent in which the motions of material produced by the
roaction will cct, at lenst for o time, t> increase ¥V rather than
to decreasc 1it, Evidently if arrongements having this property
cen be developed they would be very valuably, especially if the
tendency twoard incrersing V/ was possessed to any marked degree,

Suppose wc hed an arrangement in which fo>r cxample y/ would
increrse Sf its own accord from a low value like 0.0l up t> a
value 10 to 50 t imes greater. The firing problem would be sim-
plified by the low initial value of V' , and the efficiency would
be maintained by the tendency to develop a high velue of V' as
the rcaction procceds. It may be that a method of this kind will
be ebsolutely essenticl for utilizatisn of 49 swing to the diffi-
culties of high neutron background from (o n) reactisns with the
impurities ns clrocdy discussed.

The simplcst scheme which
might be autocatalytic is in-

-ﬂ"—_-'-'\“\
j dicatcd in the sketch where
- S the active moteric) is dis-
"1 posed in a holl>w shell. Sup-
- ,/

pose thot when the firing plug
is in place one hes just the
criticcl mass for this config-
uratisn., If &s the re:ction proceeds the expansisn were t-» pro-
ceed only inwnrd it is ccsy to» sce from diffusi-n theory that V/
would increrse. (If course in nctucl feect it will proceed osutward
(tending t»> dccreese V') ns well as iaward and the sutward ex-
pansion would in reclity give the d-minant effect. H-wever, even
if the »Hutward exponsiocn were very small compered t» the inward
expansion it has been calculated that this meth>d gives very low
efficiency: with 12 lMc cn efficiency of -nly ebsut 10°9 was cal-
culrted.
A better arrangement is the "barsn bubble™ scheme. Blo
has the %argo t known absorption cooss-section for fast neutrons,
1,52:1024 cm®, Suppose we toke o lrrge mass »f sctive material
end put in enosugh baron t> moke the mass just critical. The de-
vise is then fired by rdding some more active material or tamper.
As the reacti-n proceeds the
boron is compressed and 1is
less effoctive at absorbing
neutrons an when not com-
pressed., +his can be seen
most readily if osne considers
the case in which the bubbles
are learge compered to the meon depth in which a neutr.n goes in °
baron bef >re being absorbed. Then their effectiveness in remov-
ing neutrons will be proportional to their total erea and so will
drop on compression. Hence V/ will increase as the bubbles are
compressed, If the bomb is sufficiently large this tendency ia o
bound to overweigh the opposing >n: due to the general exg::.lon ¢
of the bomb matericl, since the distance the edge of the b mus

move to praduce a ghven docrecse in V/ increcses with the radius/
of the bomb, wheroas for a larger bomb the distance che edge of
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bubble must move is unchangcd, since it is not necessary to in-
¢rc~se the radius >f the bubbles but nly to use moyre »f them.

The ggnsity of particles ‘clectrons plus nuclei) in boron
is 8.3 x 10 perticle/cmd while in uranium it is more then §
times greater, Therefsrc s s>sn rs the reaction has proceeded
t> the point where there is o high degree »f ionizetisn and the
material bchaves aos o gas therc will be a great actisn to com-
pPress the boron., An opposing tendency t» the sne desired will be
the stirring »r turbulence acting t> mix the bor-n unif- >rmly with
the unifsrm, but the time scalc is too shart fsr this to be ef-
fective ,
it can be shown thet if initizslly V'=(, all->wing for the
boron absorption, and if n- exprnsin of the outer edge sccurs
then v/ will rise to Viae L (p-1) by compresston of the barsn,

i1s scheme requires ot lehst five times the critical mass for
n»o garan,-and the efficiency is 1low unless considergbly more is
used,

If nne uses just that amount >f bornn which mokes twice the
n =boron critical mass be just criticsl, then the efficiency is
lower by e factor at least 30,

All autoscatelytic sche.ics thet hove been th ught of so far
require large amounts >f active mricrial, are low in efficiency
unless very large am>unts crc usced, and ore gangersus t> handle,
Some bright idcas are nccded.

22. Conelusiosn

From the preceeding sutline we see that the immcdiote ex-
perinental program is largely concurned with mecsuring the neutron
fr:pertiea of verious meterials, end with the srdnance problen,

t 1s also nocessary to stert now studies on techniques for direct
experimental determinati-n »f critical size and time scale, woirk-
ing with lorge but sub-critical am:unts »f active mnterial,
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