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7ZEAQT?3.;. :131;'The following notes are based on a set of five
".Frt s oon oo . lectures given by R. Serber during the first two
"0 :v -weeks of April 1943, as an "indoctrination course"

;}thﬁ-{ﬂ35-j in connection with the starting of the Los Alamos .o
.- - .7 ProJect. The notes were yritten.up by E, U;-Condon.gﬁqﬂyx '§L
R T Lo o lLgony L - T, . Lusuitesion, -
T ) ' Ol/él/ ° .
- dﬁéj: ~267 6 - o T
1. Object BI/RLSOIT Ensichis Y . 3-17- 67[
. ‘The object of the project is to produce a pradfical ST
~.military weapon in the form of & bomb in which the energy is re- C et
..," leased by & fast neutron chain reaction in one or more of the L
E'materials known to show nuclear fission. . : "W_A{

<

- 2. Energy of Fission Process

‘ o The direct energy relcase in the fission process is S

of7the‘order of 170 MEV per atom. This is considerably more than S
.- 10 times the heat of reaction per atpm in ordinary combustion pro- . T S

: This 1s 170:106+4,8:1010/300 =2,7410"4 erg/nucleus.

- 8ince the weight of 1 nucleus of 25 is 3.88-10‘23/gram/qucleus the

~ energy release is ~ i . . ;. s L
. : ' 7:207 org/grem <) /325t T feuit i S 18T T

' The énergereléase in TNT is 4°10*" erg/gram or 3.6°1016 erg/ton. 7
"~ Henco - - e - '
SR .- . 1 kg of 25 2220000 tons of TNT

3. Fast Neutron Chain Reaction

‘Release of this energy in a largo scale way is a-

. bossibility because of the fact that in each fission process, which

» requires a neutron to produce it, two neutrons are released.. Con-

;. 8lder a very great mass of active material, so great that no neutrons
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;, o _noutrons are lost in other ways than by fission. One neutron
. released in the mass would become 2 aftor the first fission, each
of .these would produce 2 after they cach had produced fission so
in ‘the nth generation of neutrons there would be 2™ neutrons avail- -
, Ll (028 «. 6023 x 172K 5,456 KraZ? Wudeis fKg . _
- ~ Since in 1 kg. of*25 "there ars A nuclei it would . Y: .
:require about n- 80 gencrftions (,i%?y:¥f;541025; to fish the whole 4 =
. kilogram, -~ 2% < Tzeexnn? Dl gt

=

TABLE . T

=1

e " While this is going on the encrgy rclcase is making :-Jffiizy/
.+ the material very hot, doveloping great pressure and hence tend- . Fraes

- ing to cause an explsion. C ‘ : L ERGo S
o oo In an actual finite sctup, some neutrons are lost by “farsn
diffusion out through the surfacs.. There will be theroforo a certain .

. slze ofcséiéa sphere for whiclr the,suffice! Losscs of noutrons are
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. T iz tion -
mﬁﬁ%ﬁ”@%ff?@féﬁt to stop the chain rcaction. This radius depends

- on the density. As the reaction procceds the material tonds to b
. oxpand, incrcasing the required minimum 8ize fastcr than the actual -
. size incroases.

: The whole qucstion of whether an effcctivoe exposion

- 1s made¢ dopends on whether the reaction is stopped by this tendency .
. before an apprcciable fraction of the active material has fished. R
R Note that the energy rcleascd per fission is largc L

. compared to the total binding energy of the electrons in any atom. _,ﬂﬁe gif

In consequence cven If but 34 of the availeble energy is relcased
-the material is very highly ionized and the temperature is ratised
_/to tho order of 40-106 degrces.. If 19 is roleascd the moan spocd
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“of the nuclear particles is of -the order of 108 cm/socc. Expansion‘\\\\\éﬁwai

of a few ccntimetors will stop tho reaction, so the wholo reaction
- must occur in about 5:1078 sec otherwisc the material will have——

|
! blown out onough to stop it, ' '

-

S - ".‘«\.F‘:({LQ‘/

. o
Now thc spced of a 1 IEV ncutron is about I:4-fbgcmlseq,ﬂc@,Agf

‘and the moan frec path betwedn'{igsgons is ebout 13 ° cm so the mean

"time betwcen fissions is about (.= 1078 gec. Sinco 6nly- the 'last gzjgf(f',i

. few generationg will relcase. enough energy to produco much expan- °
- sion, it is just possible for the rcaction to occur to an intorest-

B - g .

.Ing extent befors it is stopped by the sprecading of tho sctive ST s
matorial, ' o , ‘ : S o
ﬂ - Slow neutrons cannot play an ossontial role in an D AR s
“explosion procoss sincc thoy rcquiro sbout a microsecond to bae -
~'slowed down in hydrogenic matcerials and the oxplosion is &l1 over . /.-

" beforoe they arc slowed down., : ’ . : o
v.are s | | Kbt =¥ Sepisir. o7
4. Fission Cross-soctions A # LKt

Kes £V
B \ ‘ g £ 5
The matcrials in question are U8§Q=25,’U838::28 and

oloment 94239 49 and somc othors of losser intcrcst., REcan sy v

Ordinary urenium es it occurs in naturec contains about‘4%§z@?%5v

“1/140 of 25, the rest bolng 28 excopt for a vory small smount of 24. 5 7.
Tho nuclear cross-section for fission of the two kinds = €L

iof U and of 49 is shown roughly in Fig. 1 wherec g7 1s plotted 7 A 1

-against the log of the incident neutron's energy. Wec soe that 25 ,
has a cross-soction of about 0 = 1.5°10724 op2 for -neutron onergids

exccoding 0.5 MEV and rises to much higher valuos at low ncutron en-“.'. Z/fi

ergies (gg= ©40:10°2% cm® for thermal ncutrons). TFor 28 howover a' i« - -
threshold energy of 1 MEV. occurs bolow which J¢'= 0. - Abovg tho .° ¢ -
~tbrcshold;10; is fairly constant and. equal to O,7-;9f2? eme, .. o

~(Fig. 1 on next pago) . ..
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. . 5. Neutron Spectruﬁ ) . f?f}

T A In Fig. 2 1s shown -tho cnergy distribution of the. RE
-! noutrons relecascd in the fission proccss. Thc mean energy is about - .
t:2 XEV but gn dppreéiade frocticn of the ncutrons rclcasod have less L
‘than 1 KEV of cnergy and so arc unable to produce fission in 28.
Lo : One can givc.c quite satisfoctory interpretction of  : . -
‘the onergy -distribution in Fig. 2 by supposing it to result from Lo
-evaporetion of ncutrons from the fission product nuclei with a tem=- = oL
nperature .of about & HEV. Such a laxwellicn velocity distribution -
+ 18 to be relative to. the: moving fission product nuclei giving rise -
to a curve like Fige 2, . . w-o oo LT n T T
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ncutron c¢nergy in MEV. B

I PR . . 6. Neutron numbor ', N . et T
i - The average number of ncutro§5 producod ver fission -  h1<f7.._
™13 denoted by V. It is not known whcther V has the same value for - IEEORER

fission procosses in dirferent-materials, inducod by fast or slow ..'3 }%::-f
‘neutrons or occurring spontancously. ‘ ;

: : - The best value at prescnt is - )/ a. 5’5 &90141 /&;’@/‘* j
: . Nv=2.240.2] AL b ) Frslon . A
although a valuc V*’ 3 hus boen roported for spontancous - fission. 5 ;5;,?}*

7. Ncutron capture S R
L e T

3 When neutrons are¢ in uranium they ere also caused to 770 7.
;disanpoar‘by anothor process ropresented by the equation AR
- , 28 4+ n — 29 4+ , Ny
'~ The rosulting element 29 undergoos two succcssivo trqnsformations .
{ into elements 39 and 49. Tho occurrcnce of this process in 28 acts
. to .consume neutrons and works against tho possibility of a fast. A
: noutron chain rcaction in material containing 23, ”f'ﬂ‘
: . It is this serics of rcactions, occurring in & slow . .

“ neutron fission pilo, which is tho basis of a projcct for largo - -

P
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~“alying dw;)/ T o'q no(.zq./e]‘f_tlo/;"rt.')em toother . . | S o %’Jﬂld' EB . X
mqu of i pee;ect, evon 5Fthe sema laBatdihy ordinary U is safe T ’ L
without epecific suthorizstion. ' ' '

R Ordinary U, containing onl 1/140 of 25, 1s safe -
“against a fast noeutron chain because, (a¥ only 3/4 of the neutrons: -
- from a fission have cnergies above the threshold of 28, (b) only -
'+ of tho neutrons ¢gcapg boing slowed below 1 MEV, tho 28 threshold
-~ bofore thoy makc a fissIon. r.e. ot Y F heolrous recec g /;czgflﬁy
.. So the effective neutron multiplication gumgcr in 28 1ig '
e ety - V= 3/4x1/4x 2.2 = 0.4

b LACL AR Arr

= ROOUE fr2ify -

Q
Ww;zf EA .
. Evidently o valuo groater then 1 1is nceded for a chein rcaction. ~i;52€23p
... Hence a contribution of at 1oa§t 0.6 13 noedod from the fissionabil ty;;'.
v of the 25 constituont, OhE”EhnﬂEﬁfimpté[that;the,ftaQtidh ol 26 .

st bodinercased £:162s8t 10-

' Fpossible, ey

§ e Lo - PR RS LY i S v y , ) -
roldfto’makc‘an explosive rngt;opf-’jaf“/b”M%

8. PO RN Y S e i (R T e T e e e ;.;,..;_4 L e 2 i L .;:.W‘:"‘:‘E“.:;Fj"ev";" DR a j@f/ CAQ:E
v - 9. Material 49 R

. ~ As montioned nbove this matorial 1s prepered from o
.~the neutron capture reaction in 28. So rar only microgram quantitiecsg ¢ -

*"have been produced so bulk physical proporties of this element aro

> not known. Also its V value has not been measurod. Its gz has .
.” boen measured and found, to be about twico that of 25 over tho whole .’
. enoergy,rapnge. It is strongly X-radiocactive with a hallf-1ife of

.- about 20000 - years. : . S

W . Since’ there is every rcason to expect 1ts V to be ‘

. ¢lose to that for U and sinco it 1s fissionable with slow neutrons

+ 1t 13 expocted to beo suitablo for our problem and anothor projcect

S0 is going forward with plans to produce it for us ‘in kilogram quan-“:.i"
~ tities, :

: : Further study of all 1ts propertics has an important
.~ place on our, program as rapidly gs suitable quantities become

Zavailable, g /
e ?D: g’){ 2.2

L Let us consider & homogencous materiol in which tho
.neutron number is ) and the meen-time botween fissions is 7~, 1In
-Sec. 3 we estimeted T= 7 10-8s00. rop uranivm,
number of neutrons in unit volume we have

l\.r+divj :‘i__:_:‘__[\]‘
“Tho term on the right is the ﬁ;t.gggg of generation of noutrons in

~unlt volume. The first term on the lc¢ft is the rate of increase

_of ncutrod density. In the sccond torm on tho left 4 1s the net
"diffusion current strcam of t

' crossing 1 em? in 1 sec across a
».this net number is maximum), - . L
e ) In" ordinary diffusion thoory (whith is valid only
“ when all dimensions of boundaries aro largo comparod to the meesn
.. free path of the diffusing particles - a condition not fulfillcd

plano oriented. in such a way that

e T PN s B . - Z . ) V‘T PEEE - T . ?,V‘y‘;-"-u
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'10. Simplest Estimete of .#Hinimum Size of Bomb . ST

Then 1f N is the:: " "

he neutrons (net number of neutrons’ KRR

Lomfines
“in our casg) the diffusion curron¢ is proyporcional to.tho~gradi§p§§3%§g;
e DI
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nambers of the project, evea of e 2 : S eI /m//}‘ \:
.wd\owhem%c Dy he difrusion coefficlent ( cm2/sec)., _/t?ﬁ.gf?.g.. Z
L Hence we have . o ?Eiékﬁwirgb.
v --I — ekl
: N =Dan + (Y= =
n o  Assume a solution- whose time dependence 15 of the form 5£2;¥>:>’
e N . - i
| N = ./V,(X,tj,f)ev ./T \
- where \) ‘18 called the "effective neutron number%, .The equation.
~ to be satisfied by N. iz T~ G
l"~;:'-‘. B QN =V tv—i N, = 0O ‘ L
r -+ . s '

together‘ with a boundery condition., In- the -slmgle cese in which ve
..are dealing with a svhoere of radius R, we may .,.1ppoqe that N is-
3 spherically symmetric,
e At r=R we would have, “on simple theory N, = 0.
i (In point of fact N, >0 due to the effect of the mean free ‘path's
-~ not being small compared with R, but this wilY not be considerod-
.. here}, For sphorical sym.uotr'y the equation for N, has the solution

“N,(r) = Swn Tr/R- - _.Fv— ﬂ/R‘

Provided that v’ has the value - ro ) . ’
" V= (v-ny — #D7/R*

This sho’vs that in an infinitely large sphers tuc neutron denslty
would build up with the time constant (V=1)/% . Smeller sphercs

- build up less rapidly. Any sphere so smsll that V<O 1is. one_for
_.;' ‘which the ¢ _neutrons loeak out the surface so rapidly. that an initial TR
dens.n.ty will die og_iz__‘rather than’ _build up.” Hence tho critical rad-. -7
’1us is givcn by R ﬂ'z' _ —n—‘Z_DT

c - TV =7

e L Now D is given by D=1v/3 where * is the transpor‘c R
moan i‘roo path = I/n a‘t_ » N°18 the number of nuclei per cc and ‘

= [a; + (( o gz (1-ces O)dw

’J

which brings out the reeson for measurements of the angular ~'acatAter'-_
ing oI‘ ‘neutrons in T. In metallic U we have - P Es T 1.;}
L Uy = 4eyp - em?® O ‘§
“~which, for a density of 19 gm/cm&, glves 2 =5 cm. : R j
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1 Lo Hence the critical mass for a cublcal shapo is
s , o 35/2/917 =, [\Z24 timcs as greect as for a sdhere.

Tho value of the critical mess is, howevor, con-

Lo put spoc:ﬁcou@o::za:ion.',-" cube, 0<x<a, o<y<cz, (<L<7Lq , that tho critical ,-‘..-.."A B
R e e valuo of a is given b AT
o TR 4 = Y3 Re

’

“* piderably overostimatcd by the clementery diffusion thcory. The moro.. . .

v. ¢ pract diffusion theory allowing for the long froo path drops Rc by a . "jfiz

. factor about 2/3 giving (CirTene Wbnicae Jingimy , ,
A ~ D e Me ~ 60 kg G 2.5,

e Akt s

C

O] The elemcntery treatmont just given indicatos the',f?
s~ depondonce of Mg on the principal constants s
- : ~ = ““W—L—-———~~”37”
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..*neutro

1
multiplication given by v~0f12451$§Y ,/7_ Jee

- . . N (a/((a, // e%cé;c nc’Uﬁ'o
" Fenco for a sphere of twice the critical mass tho timec_constant,: - =
;. |\for multiplication of neutron density byeis 2.4 x 1078 sec, =) 7.

o = -f
Lt" - : 1l. Effect of Tampcr /= 2.¥x o JEc
‘éf Ir Wg_ﬂunfgundwihe_cQngmgfnggﬁlzg_mgﬁggié} by a

{shell of inactive material thc shell will rcflect some nentraHs—
Y .lwhich would otherwise oscape. Therefore a smaller-quantity of
tifactive material will be cnough to givo rise to an explosion. -The
i~ |surrounding case is called a temper. :

The tampcr material serves not only to rctard the

.:ltho_active meterial. (The rctardation providecd by the tensiloe

s e e g

sent ovidence indicates that for ncutron reflecting properties also,
:jone cennot do botter then usc these heavy clemcnts. Necocdless to SCY,

. ymeterials,
ol Wo will now analyze the cffect of tampcr by the
~|same approximate diffusion thecory that was uscd in the procecding
s{section. Let D/ be the diffusion coefficient for fast neutrons
in the tomper material and suppose the lifotime of a neutron in the
tamper 1s &/, Here o — N0, [nar - » with ' the nuc-~ .
lear density of the tamper and o+,, 1ts capture cross-scction. If ...
the tamper material is itself fissionable ( U tomper) the absorption -
coefficient is reduced by a factor ( 1 —\k), with VJ;the number of -
noutrons Produced per CapUULTee  cos ., S ) :
o ' At the, Soundaryibdtwion active material and tamper, .
A AL PPy § A e e Sy P T o

AN

:: Mwhero g is the density. For R =% R _we have the-time dependenceifi;{ff L

‘loscape of neutrons but_also by its inértia to rctard the oxpansion_of T

: ystrength. of the ctse is negligible.) For the lattor purpose it is AR
‘{desirable to uso tho donsest acvailcble materials (/&4, W, Re, U). Pr'c'--”_j---,-'__‘_1_.~

“la great decal of work will have to bec done on the proporties of tampor Q‘z
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Bad - Lo denst é&{@;
L N = DON = = i

.. or for the spatial dependenco, . , i
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n ) _ As an oasy special case suppose the tampef has the'ﬂ;; ,
' 'samo neutron diffusion cooefficient as ‘the active materinl (Li0. the - -

samoe moan free path) but has no absorption, so o =0, -Then under

l_;'_critical conditions (v ‘~0) we haveo

No= Arow B

--in the tamper material ond . : R

N, = S kr
) T n

'in the active material,

4
~

At tho outor boundary of -tho tumper,;r = R/, wo

:_""must have N, =0 hence

e no= A(E - LY

?Onleach side of the boundary I = R between activo material and tamper

‘material, the slopes must bo equal so, equating the densitics and
slopes on both sides of the boundary we find the following.equution
. to determine X, : ' ‘ ' o

. o R/IR! . S
“ ffﬁRMﬁﬁR'fT?EE7&ﬂﬁQ =O_
i - ‘in the limit of a very large tamper radius Rlseco
t that : -
.this requires tha f= T/2R . .

0

‘which 1is just half the velue 1t had in the case of the untampered
godget.  Mence the critical mass nceded is one-eighth as much as for
‘the bars bomb." .

. : Actually on better theory the improvemont is not

23 groat as this because the edge effact (correction for long freo
Path) is not pos big in this cese as in the bere bomb, Hence the
Iimprovement of non-absorptive aqual diffusion - tamper over the critical
mess, -both handled by more saccurate diffusion theory only turns out
o bo a factor. of four instead of oight. ' . :

" Exercise: .

« . ¢ which the diffusion cocfficient D’ {s small com-
w177 pared to D. In the limit-ir D’= 0, no neutrons

R could oscapo from .the active material by diffusion,
80 tho critical radius would vanish and any amoqu

'ji;?jj’f /70%‘ of uctive»goyo_woglq be explosive, .. ;éﬁ?fi- .
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m@WMdﬁc“q/;~f“°-/ﬂ/:;”'r?%hftamper material of shorter mean free path
. ) L.-\r.*r P /‘.'{;(’;L en
L Lo 25 U TtHAn the active material show that if D = -3D

E1C1AL

]

v

fL AT T then the erdtical mass 13 1/2.40 times what 1t is
iﬁgg;ﬂﬁg?;faﬁltgﬁﬁfT:,.in the case of thick tamper (R/=oc0) ir p’/= p,
'w?fﬁf:'ﬂgigﬂﬁﬁf’r~Q ‘}From this we see that it would be very much worth. .
. "‘~}Hqﬁﬁf;‘vf;§"f} while to find tamper materials of low diffusion’i: - _
e T T soefficlent., ' A I
L . AR (It turns out that X=KRWN 13 a root of

. " X Cls X = (4-D/D) sin X _ S
which 1s 1.17 approximately when D’/D = 0,5.) -

P
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o _ " If the tamper material is absorptive then the
f;:tneutrog~density‘in 1t-will fall off 1ike 63—'k<>/)‘

"instqad of 1/r which tends to make the eritical mass- greater than
If the tamper digq not absorb. '

; , /S5 The distance the neutrons get into the tamper

“is /=L y/3(;_u¢) where ¢7 is the mean frec path and § the number
“of collisions beforae capture, Guessing s-~.20 this gives, with

i Y =5em, an elffective tamper thickness ~~ idcm. For a 4J tamper
S %™~o0.6 , and tho effective thiclkness is raised to 17 cm. These

- figuros give an idea of the tamper thickness actually required; ‘the
rwWelght of the' tampor is about a ton., ' - -

: tions give R, = 6 om and M. = 15 Kg of 25 vhile with AW tamper
‘M. = 22 kg of 2s. 17 : i

o : ' The critical mass for 49 might be because of itg
-larger Tission cross section, less than that of 25 by about a fac-
stor 3. Sofor 49 =l . . ‘ ,

— e~

. To improve our estimates re=.
- 'quires a better knowledge of the broperties of bomb materials and

tamper: neutron multiplication number, olastic and inclastic cross:.
.8ections, overaill cxperiments on tamper materials, Finally how- - .
ever, when materials are available, the critical masses will have
:¢to be determined by actua) test, - - '

T
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ey 'ff;; - 12, Damage
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%" bomb.,

i "S5 Kg for U tamper N
N M . 7.5 Kg for Au tanmper, ’ ' R,
B ~ These values o 1tical masses are still quite .~
uncertain, particy erly those for 4¢

For a normal U tamper the best available caléﬁla--: |

}fftho explosion. One can estimcte a radius of about 1000 yards around

- the sito of explosion as the size of the region in which  tho neutron
» concontr ion is groat enough to produce severec pathological efrfects.
- 7 Enough radicactive matorial ig producod that the
total Hdetivity will Be of thd ordop oril;,l_Qf_cnrigs__Qy,cn.nf.t.or_lQ«,days.
:ﬁﬁlﬁﬁﬂﬁﬁﬂ&ﬁ:ﬁ LeCt this witl wavae 1a rondaring tho locality uninhabi- .
-*«twble@dopendswggcétly on _vory uncertain factors aboutbs, tire wa

~velation of ie,con <ple in gy
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- " which this is dispu?sed by the cxplosion. However the total

<. - emount of radioactivity produced, as woll as the total number
; of neutrons, is ovidontly proportional just to the number of .
E é.ngsion processes, or to .the total cnergy roleased. PR
R Tho mcchanical cxplosion damage is caused by . =¥ " 7
.7i:the blast or shock wave. The explosion starts acoustic waves in Lol

¢ - the air which travel with the scoustic velocity, ¢, superposcd . B
.7i on tho voloclty u of thne mass motion. with which material is con- - .7
“-...-vectod out from the center. Since ¢ ~ (T where | is the abso- . S i
20 'luto temperature and sinco both u and ¢ are greater farther back 7;f2r i
.72 in the wave disturbonce it follows that the back of tho wave ovor- (i / |
-0 takos the front and thus builds up a sharp front. This 1s essen- .. -~ -«
;';I~tially diqcontinuous in both pressure and density. B P T

(’Q*’ P
’ :

SEL //// QO LR
\ T - < - r o >-—_— o < T r T o> = A ‘
PN It hes been shown that in such '@ wave front the. Q~y,f¥f'”
- density just bchind the front riscs abruptly to six times its , B
“i-value just ahead of the front. In back of thec front tho density ’ S
. ?_falls down esscntially to zecro. : -
e : - If E is the total energy released in tho explosion

~.> 1t has been shown that the maximum value of the pPOSSUPG in tho
Yivwave front varies as 3 : ) .
' 46 ~ C-//r’

.ia - the maxi rmam pressurc varying as i/r3 ins»oud of thec usuul '//PZ
v becouse the width of the strongly. compressed region incroasos
«- .- proportionally to r.
SR This bchavior continues as long as is groator .
- than about- 2 atmosphcres. At lower prcssurocs there is a transition
2-"to ordinary acoustic bohqv1or the width of tho pulse no longer in-
éAcrcasing.

MR
I

. If destructive action may be regeorded as measured
~.by the maximum pressure amplitude, it follows that the ra dius of
 dostructive action produced by an explosion veries as 3 T
‘Now in a Z ton bomb, containing % ton of TNT tho destructive radliusg * .- -
i3 of the order of 150 foeet. 1Hence in & bomb cquivelent to lOQPOO/%§$>Z°@r
7. tons of TNT (or S kg of active material totally converted) one- Jaa-%wc/
2, would expect a destructive radius of tho order of 340000U (50 = ,,&104
' .. feot or ebout 2 miles. R
L This points roughly to the kind of results which SELee
.. may be expected from a deviXo of the kind we hope to make. Since. - .. -
. the one ad¢or that determines the damage is the cenergy releoase, '
our ai /is/ﬁimply to get as much cnergy from the explosion as we . -

-7 can, A W&Qﬁe the materials we use are very precious, we are -
mnwmﬂﬂng s qIEn«do this w*th ‘as tha on. efficiency as ia,possible.
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' As remarked in Sec. 3, the material tonds to
blow apart as theé reaction procceds, and this tends to stop tho

“ reaction. 1In general then the reaction will not go to complotion:

in an getual gadget. The fraction of onorgy released rolotive to = -

. that which would be reloased if all active matcerial were transe-
.- formed 1s'called tho efficiency. :

-Let Reco= critical radius figured for normal den-'

, sity Qo ,. 2lso R, initial radius and R — radius at a particular

~.* --lnstant.. Assume homogoneous expansion. Then the density whon

: o ndad i - ) 3
L orpandadas Qo (Ro /RY>

o and the critical radius RC fi%ured with the actual® density Q'is
" - - - ‘ .

i

-3

!

N

e c = RCo(Oo/% . ) 1
"7 The reaction will procecd until expansion his gone so far that .
“... Ra = R. Therefore the radius R at which cxpansion stops 1is i
U given b ' — I v
RiIRo = VRo/Re, . . =
:f-" . Since the ratio of RO/RCoiS equal to the cube root. of the ratio ;
-t of Mg , tho actual active mass, to M the critical mass we see . . 1
- ...’_ that ) N 4 .. ‘ ‘) -~ : A/D / y/ "/ ..‘i,'. J
o CR/Re = 8 e, s el gL
- ~V.,.T‘and therefore a gadget having “twice the critical mass will expand iy Tike :
" To a radius only "g/z = /. {7 timoes its original radiug” beforo. S ]

»: * the reaction stops. crlt : (O"fff.;.f{
The next problem is to find & simple expression = .
.. for the time takon for this-expansion to occur, since we alroady Z.ooo0 ]
-7 ¥mow how to colculate the timc’constant V//Tof tho roaction. Of o7 ]*

course V/ is not a constant"during tho cxpansion since its value.

;- depends on tho radius but this point will be ignorad ot first. o,
S £ 2¢x 6-9 rec At a place where wo. have N neutrons/cm® thore Voo wu

-2 will be Nfa- fissions/emd sec and therefore if £ 1is the enecrgy
"+ release in erg/fission the volume rate of enorgy generation is
e .b (E/T)N « Honce thet total ex};:yr]gyg released in unit volume
‘ betwecen - in - Ed/cm a 14
cen time % and timec € is w L (8/\)’)_[\[ ev t/7 |
Most of this encrgy goes at once into kinetic
-energy of the fission fregments which are quickly brought to rest

< Kinetic cnergy of motion to the othcr atoms.of.the active.sturf.
The coursé™sf evients.-1s shown_in.Fig. 3. The -
-';,-Vunits,von..;the_.,,scgle of abscisszs are units of V'¢/9 . If there
was. no .expansion,®and if the rato of recaction toward the end was

" mnot slowed down by depletion of active material, then the cnergy .
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" in the material by communication of their cnergy largely to thermal ° = -

"j-releascd up to a given time in org/cm3'would be given by the values

on the ugper'logari_tlfunic scale. - Tho plcces on thig scale. . markest_-
* - 100%, - 10%

and 1% :respectively show the energy rcleased in unit vol-

ume for these throe values of tho cfficiency. A socond, logarithmic
scale shows: the growth ol ths. nentron density 'wit‘:ﬁ/’;}i}fé/—“under these
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Wﬁw’ It cen be-calculatod that\ tho pressure in atmos- /QT .

. pherecs is very roughly like thc values givén on the third scale.
.. At a point just below 1017 erg/emd ovolved tho rediabion pressure
-»- 13 equal to tho gas_precssure, aftor that radiation pressuro pro- K=K it 2t
.7 dominectes. Noar 101 erg/cm3 is tho placo whore the solid melts. -, o

- /\70_ ‘:4-)7(/"

.5 -S0 up to this time nothing very drastic has happenod - the impor- e ,
+ - . tant phenomena occur in the noext 20 units 0%;§%/7~' SR L= 2o i
a0 . : Very roughly we may estimatd;” as follows for 77 R
“. masses not nuch larger than the critical mass, the combination of 4
.« Tactors on which the efficiency dopends: In a timo of the ordor
,’;;—T/UI the material moves from R, to R so agquires a volocity f:-ﬁ?xqgff'

VT~ (V’/’)‘)(ﬂ-‘@

Lok Z,\fc(a-o;

\
o

f’:'xf Writing R_= Rc,(1+¢) we find that

Leois.

—Ro = % <o RO f{@@f
»+" Theo kinetic energy poer grem that is acquired by the meterial is .
.'.._,.'_' L. B . U-L/Q__ ~ _QL—(\)//T\L &’L RZ—Q ] R (? L
- . Tho total energy released is grcater in tho order P\/ﬁ')?dlr"fa‘, ST
:iior2/3a . Let £, =7.1017 erg/gram be the energy release for . - .. .-
i7"~ complete conversion then the officiency is of tho order ,/¢/2/?;'¢w1731

K L = (Her) (08U BY, (2/30) 5 L
: oo R . . ez o - . : 'VA’"-{‘»‘.(’-!}.'/’(/C'@&-
(e (v e ) REe & o TR
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S If this very rough calculation is replaced by L
“»~-& more accurate one tho only chango is to alter the value of the =~
;.. ‘coefficlent R.K.The calculations are not yet complete, but the T
‘.z:“-truo value is probab]y K~ —,—*f“o L., 4 7= w0/ had? = 5 ‘olfE = - 0D 7 ;:. S

- 5,  Henco for o mas§ that is ‘twice the eritical masg,¥ oa vl
,'TlofszZ;T{c. so {»< 0.25and the cf'ficiency comes out less :Cfi{‘é‘~
~‘than’ 1%, "Wo see that the efficioncy is extremoly low even when SR

T'this much valuable material is used, SR
RO - Notice.that 7~ varies inversely as the velocity . . ..7 .o
of the neutrons. Eence 1t is edventageous for the neutrons to be . :
¢ -fast.  The efficiency dopends on the nuclear properties through

.+" the’ : -
_-':.-,t e fnctors- . _§ ~ . V= (v-D) oy AS

' where V is the mecan spcod of the neutrons aﬁd the other gymbols
.. are alroady defined. :

P In the above troatment. wo have considcred only .
the effect of the general oxpansion of the bomb material. There
is an addi‘t‘zl_onal effaoct whieh tonds to stop the rcaction: as tho
pressure builds up it begias to blow orf material at the outer edgo -

P24 cogh\onfntzcé?f:/li/:?hils" turns cut ta bo sl -
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! ma bg " .'1-."{3"_‘ 070 ot to show the:y 1, Claw , -l1. - fEARET
w;‘;nm::::s;:rti.;:'pfc:fc::f\ton of the sama 1.;»?.0.0?..;»:_ . {.E:‘C” I-Eﬁ .
T atoppingtthe reaction to the general expansion of the interior,
A However the formula for the efficiency can be shown to be une—
.. . ...chonged in form; the edge expansion manifests itself simply in
.:-. "2 Teduction in the constant K. The effect of blowing off the edge
v->has.besn slready taken into account in the more accuraco estimate .-
.. of X given above. ' ' ’

.

Yop

'14. Effect of Tamper on-Efficiency
- - - . N
e . : For a given mass of active material, tamper always

-~ -imereases-efficiency. Tt acts both to reflect neutrons btack into
. ‘,Nthe,BctiVB;mataﬂialkis$~tyv1ts inertia to slow the exparsion thus
LIS giving oppordmnity {oitihe reaction to proceed farther before it
v . 1s stopped by the expansion. ) _ :
O However the increase in officiency given by a good-
© 7. . tamper is not as large as one might jJudge simply from the_ reduc-~ '
wooeniEdor-in the eritical mass produced by the tamper. - Thiseis-diic..._ -
..o to the factithatqthesn:utronsgwhichMaro;pgtuyncdﬁby;difjggjigL_;éf
c7#limiinto and back out of the tamper take.- 2 long -t

-~

timo to.returnzpar- ,
“ddcpiarly since thoy rre slowed down by inolastic Iimpacts in the: . -
~» famper material. ' S
SRR - &% Thetim: scale, for masses noar critical where . *
"+ . ¢-one has to rely on theislowest noutrons to keep the chain going,
+"+" "% now becomes effectively the lifotime of neutrons in- the tempcy, |
1.7/ rether than the 1ifotime in the bomb. Tho 1ifctime of neutrons -
it in a U tamper 1s ~~(07%, ten times that in the bomb. The efrfi-
.. cleney is consequently very small .just above the critical mass, -
. '7.. .so to some extont the reduction in critical mass is of no use
"o to us, ~ ‘ c :
. T - .  One can get a picture of the effect of tampor on -
Vi Tefficiency from Fig. 4, in which U.y/1is plotted against bomb
0 radius for various tamper materials. Tho time woale is given by
N 49 14 } the efficiericy, as we have seen in the precceding

-

.scales Thus  ~f‘\,z¢lZ¢§:

e

Fig. 4.
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information which iz w2z 1 /'s.-":rt; Cerons - - S “Esg"pgpﬁ = "
tion ia tho usuo“ﬁcc‘l}‘tl/{ch ‘ | to other - R i L. -
ati .- them ‘ : N 2 - .
2 5. ro aot’to s loa'4 . - N _ - i{ " .
\g these faports 6fo '//n of the some laboratory, 15 - - gi’:g ED -

:rs of the projact, oye
out spocific outhbtation. : . L
-~ 1f we use good tamper (U) the efficiency is vory low near the
critical mass due to the small slope of the v' vs.R curve near:
V' =0. When one uses @ mass sufficlently greater than the
- eritical to get good efficlency there is not vory much differ-
v ence between U and Au as tamper materials, :
A ’ - It turns out that if one is using 4 M~ and the
..U tampor, then only about 15% more active material 1g needed B
"'+ to got the samo onergy relcase with a gold temper, althouzh tho | -
sii ... eritleal masses differ by 507, -
N : In addition to reflecting neutrons, the taancr
7@’ also inhibits.the tendency of the edgo of iheo bomb to blow off
S.17 77 T“he adge expands into the tamper material, starting a.shock
s wave which comprosses the tamper matericl slxteenfold. Those
... adge offects as remarked in Sec. 13 always act to recduce tho
~ . factor K in ‘the formula, =K A3 ,but not by as great an amount
- . -in the case of tampod bomb as in the cass of tho untamped bomb,

15. Dotonation ,

ORI . Before fi?ing, the active material must be cis-
' . posed in such a way that the effoctive noutron number )/ isg
. less than . unity. The act of firing consists in producing a re-
...~ ‘arrangement such that after the rcarrangement.vl is greater than

Sl . For any propoéed type of rearrangement we may in- -
. troduce a coordinater)g‘which changes from O to 1 as the rear- A
'*1Zf rangemont of parts -proceeds from i{ts initial‘to:its.final‘value.i'

B .

L

Schematically v/ will vary with g( along some such curve as is -  : -

indicateod™in the skotch. Since he roarrangement proceeds at a
u@muwfﬁnitgﬁépoed there will be a finite time interval during which.
uenhuiggﬁhphggghipqsitive is much smaller than its final value. dig
2;:Lg§gnq§§§ga§«£pgg¢ra dotail lntor there will always bo somo un- o
oo ::(‘: L tuu‘_,,- c. R 5 - MRS - - L . s oo S .
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- -« o0 OV SRR A CEE AR 'y P be X
ithi G smcrn rettaetoy by e s . SN .-
with mFormado‘n which | wiiciars. [ was - : e _F-i"-n,ﬁﬁ(ft:f. g
formation in the usual .srik’v'—i.'/e;o .U o t: PR e ‘-fA-'.v-r: a o, 0.
“\ v ¢ A 2 S . e PR _
ceiving these reposts fig potito cow e 1o, l.'_ el g /.Z =

0 . .
~membars of the projeciyeven of the semo lube - iy

without specév01dabY®- sourcos of noutrons in tho activeo ma

wvill have to be moved a distance of tho order of

terial. 1In any
echome of rearrangement some fairly massive amount of material

Re ~ 10 cm,

Assuming a speed of 3000 ft/sec can be imparted with some typo
- of gun this moans that the time it takes to put the picces of

”}ff**i-the bomb togother is ~v 10"% gec, Since the wholo explosion:
except for vory

.1 f . EE.QMQE,in~a~Lime«JS'TAﬂr‘Kﬁscc, we sec that,

' -small\/’(v&;pz), an explosidn started by a prem
-~ will be all finished before there i1s timo for the picccs
.7, an appreciable distance. Thus if ncutron multiplication henpcens

- 2. to start before the-piggpgmgcqchuﬁﬁSlg_ﬁgpgl_ggg

ature noutron
to move

.. Plosion will occur that is of lowor officiency c«
. 'fg;,;tho,1qwcz“xg;ug_gxm_@waimthgmigsﬁant_gfwgzplg§égp~

R Y To avoid predctonation 1t 1y thepofore nocossary

o to koép the ncutron background as le’gg_gQ;siblg and to .effect

'}:i?the'rearrangement as rapidly as possiblo.

"}Q*l j o .16. Probability of Precdetonation

figuratica rn_cx-

orresponding to

Since it will be clearly impossible to reduco the

"neutron background rigorously to zero, thero will always be somo
Tl chence of prodetonation. 1In this section we try to see how great
. this chance is in order to sce how this affects the firing prob-

Tad. lem.

Tho chence of predetonation is dependent on the

7l 1ikelihood of a heutron appezring in the active mass while V7 13"
‘ still small and on the likelihood that such a neutron will roally
" 'set off a chain reaction. With just a single ncutron rclersed

- when W>s4lt is by no means certain thot g chain reaction will
" start, since any particular neutron may escapce from the active -

oot

a7 material without causing a chain reaction.

RN

P

- e = e g e

e (P ePa v g R
.%o i the solution of which is . )
CETTA e < Pa = (4 /)"

bility of losing all of an ‘initial stock of n coins. .
7.5 Tirst toss elther one wins and thus has (n + 1) coins or loses and
i< wthus has (n - 1) coins. Hence the probakility Py, is given by

P The question can be considered in relation to a
1oeolittle gambling problem. In tossing loaded coins

- suppose p is
?;pgt;%'tpggprqubiligy‘ggig;gning and q that of losing. Let P,
.. proba

be the

On the

'+ Idontifying this with the nogtme.l multiplication problem one canl
> " show that 9‘r = I— Vv’ . Hence the probability of not starting

747t g chain reaction with one neutron is (1 - v!') or v’ 1s tho prob-

t

izfif?inability that any one neutron will start a chain reaction.
B Suppose now that there is a sourco
io 5 - '36C, Let.?uf)be the probability of not goetting a prodetonation

‘ b:*}-}up”to the instant ‘t. In the interval dt we have

dP = —nNdEt g P

of N noutron/

4
&
o

/

© -0n the left the first three factors together give tho probability

?)a predetonation uo to that time.

h
////:;&:,.,, s lear the valus /= O

This document cont=tnc e oemetion ¢

of going off™ time dt, and the factor P is the probability of not

We may suppose that V' varies

ng"dEi§é§§3?ﬂwi@?mGiqu‘V/==crt. dence, intograting theqdifforential
epionsge Act Sdez5m 3] ead 2L lta transmaicn . :_".\ i T T
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me

,Mmm¢WWﬂ5§SPJ‘NtTis the number of neutrons e€xpected in the interval
o - between t — 0, when VY/= 0, and the time when tho multiplication
.. ;.. humber hes reached the value V7. Evidently for a particular
.. type of firing rearrangcrmont &N will vary inversoly as tho voloc—

N Jj{;‘ity with which the Lfiring rearrangement is carried out.

... two and three crlEtlony masseg, for which the finel value of y/ 1g

. ... 0.3 and suppose that N — 10 neutrons/soc from unavoideble = -
U0, -sources. Also suppose that one pioce must rove'd = 10 cm from
e thew = 0.0 configuration to the finalv’ = 0.3 configuration.
J;.% 7 Suppose that thisg Plece has a velocity or 105 cm/sec then A¥ = 1
e enand P= o 08 : o :

1. 80 there‘is_approximatcly a 15% chance of precctonation. .
N o This i1s tho chance of predetonation any time up to
.+ “ : thet at which the final value of .V’ ig roached. In this example
flhe;itho cxponent i3 small cnough that tho chance of predetonation,
(1 = P), is given by the lincar approximation. o

o ' (=P = > wy ' .

. Since the efficiency varics a8 y/3 one will get an oxplosion of
+less than + of the maximum 1T 1t goes off bofore v/ has rcached :
2. the velue 0.3/¥F = 0.9 . Henco the probability of en oxplosion
. .5 8lving less than 25% of the maximun value is ' :
R A = SV T Yo

3?f§!;*j ‘ T The oxecmple serves to indicate the importance of
"taking great pains to 8ot the least possible neutron background

S velocity. It scems one should strive for a neutron background

: - ‘The question now arises: what 1f by bad luck or be--
.cause- the neutron background is very high, the bomb goes off when
V! 1s very clase to zero? It is important to know whethep the :
.enemy will have an opportunity to inspect the remains and recover |
;-.the material. *We shall see that this is not a worry; in any

c>event the bomb will generato enough energy to completely destroy ~
itselr, ) o : o

- I
L. very smell V’ (v'<.cr), tho explosion takes so long that the
<. plcces do have time to rove an apprecisble distance bofore the -
:. 4. reaction ends., Thus even if a ncutron cnters and starts a chain -
Ci;’just'Whén‘VL=C3thoro wWill bo time for V/ to rise to a positive
.~ value, ond give an efficlency small, but grecater than zero.
ey, i Suppose, then, that a neutrsn is reloased when
\)tégégégTho number of noutrons builds up according to the eoqua-

ﬁ..,,.wféé&-'m it N = (VTN /% L |

Gﬁ:ﬁﬁmqﬁﬁ&gifﬁﬁaﬂéproximation'we'mcy”suppose’\l@qﬁ&@iﬁ;flinequy with®

:ﬁij},,@&éistanee“X“the plocea nove from the poinifiskhero Y/ 2 g » SO

ized pe 00 '/‘yg@j/“"“ - ) : V= NV, (x/d (\)_gg’;y‘:{z:&
B ‘ﬁggLQ~ie the value of V’whon “he pio:
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TR g "
%Zﬁﬁcﬁatheir final op-
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For oxample consider a bomb whose mass 1s between 1

.‘\ |
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t has beﬁﬁ remarked in the last section that for
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* without specifi

timal config“'ution, and do is the distanco to recach this config-.

..o+ uration: If tho velocity of fire is v, we havo xX=Vt,
o LN = [§ prrmatr = £ DY en |
AT ‘Suppose the reaction continuos until. about 1022
- .neutrons are produccd, which would corrcspond to an encrgy pro- -

%j;; _duction equivalent to 109/393§~Q£A2NT‘ Then, at tho end of the
S “reaction '

+ . mate of the onergy rolease., Howcver, since the final number of
“neutrons enters onlYy in the loqarithm of a lerge numbe>, our re-

Thus the. reaction ends when B L

7.___‘ . V - - U-S/ ,
t =So ?L’-:Uz'f‘? /(JO"GO \) d

.

2. The efficiency is , 3 —
. a L ’ § ~ ! I?; _ 03/3. ( U 3312.

.- - >3 - Sw O(o
] Using the same figures as in the precoeding section
(\) 3 V- ‘C do- {0 )WG find _g_ _ % < {O -5

... The mass of 25 in the bomb is about 40 kg. The mass used up is
B thus 4o % § » 10> =063 k¢, end the cnergy reclecse is ;003 x 20000“
60 tons of TNT equivalent, ample to destroy.the bomb.

/
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18. Detonating Sourcc

if[is only a small probability of a neutron appearing while the
pleces of the bomb are being put togecther. On the other hand,
i when the pleces reach their best position we want to be very sure.

- to seperato or break. It may be possible to moke the projectile
‘’seat and stay in the desirad position. Failing in this; or in.

. any event as extra insurance, another possibility is to provide
* - a strong neutron source which becomes active as soosn as the

.. pIeces come into position. For example one might use a Ra.+|3€,
<+ source in which the Rq is on one piece and the Beon the other so

“- neutrons are only produced whon the pieces are close to the pro= ...

ffizAper relative position. -
SR ' We can easily estimote the strength of squrce re~

'quired - After the source starts working,; wo want o high probabil-

ity of detonation before the pieces have time to move more than .

.o~ -8say I/p « This mecns that N, the ncutrons/sec from the source
, nust lylprge enough that
iig/ \ioh‘dam‘l V <9 1) >3 (S = //J/‘
Ccumant coﬂ@d: \;"{t‘nc&’;\-““h maaning of the ] . 2 R v l p) /‘
' SRR qu ‘

. of the U"S\ od 2L ite LrenLmicy <0ft

ca Syret

C Lo monnar to o0 P
wge Aot U Lateats 1a o0 . : /}l /nfl.
o reveletion o‘./ik’s««“""“ L R Ve ’/37 (Y 7 F-hm o Jog g R

a ﬂASL.Asc-n:ncuAL

Ln N =i Lp (O =S50 LE

”V(We can chock this assunption after we have comploted-our esti- 7.

5{‘;;sult is quite insen¥itive to what we take for N at thia point.) {fi

\ :/()VU-T‘

To avoid prodcuohation we must make sure thet there.J;;f}3

-?_that a neutron starts the reaction before the pieces have a chance }f’




ot ‘ ‘ ° :ﬂﬂ fae @ a @ aa . ) T .
. . - N . ‘\ A : 8 : . ° : ~_\ . - . .

.- N P TR NN A ST 2L et : . s

ho dodinoted “LIMITED indemsoriihat o' - R R /4/
TN LA TORUAEE : Ay ‘

ith informagion which is morp f--‘“‘%\ Lndn e ﬁﬁﬁ;pé ) ) —
. AN prope grepl Nt sag - - N - - e e s

yemation in \%l sccrct £ RS - %—’f‘}?{i}ﬂ,g

siving these (cponi oo, not ta show th 1\:&1“\\\' ' . ?/ ’f!.y oy
'nbirs of the pro;eh}?ﬁ\ffﬂ_\og- the s:m.\:k{, \._‘\\\:\?x;. ; 1 = .fnl!EB ‘ >'4( S _ e
wchout specific authorizagn. This 1p“tho yleld from 1 gr Ra intimately mixed
©  with boryllium. Honceo it might bec necessary to rdse several
- grems of radium since 1t will probably not be uscd cfficiengly
" in this type of source.
R . Some other substance such as polonium thet is :
- not so eﬁ—uctivo as radium will probably prove more satisfactory.
' ' Evidently a_source of this strongth that can be S
2. activated within about 1079 sec and is mechanically rugged 'onough - -
“U.' .to stand the shocks associanted with firing prescnts a difficult
.. 7 "problen. ' ' . - & -

.19. Néutron Backgrsund

"

o i There aro throe recongnized sources of neutrons
o “which provide the background which gives rise to danger of
f',prqdetqnation: (a) cosnmic ray ncutrons, (b) spontanocous fission,
(c) nuclear reactions which produce neutrsns. .
. -« .. . (a) Cosmic Rays. Tho number of cosmic ray ncutrons
7. 1s about 1 per cm< per minute- which is too few to be of any im-~-
- portance., .

‘s

S -~ .- .. (b) Spontaneous fission. The spontancous fission -

. v rate 1s khown only for 28 which is responsible for the fission .
;-0 8etivity of ordinary U. At present we have only upper limits -
© .- for 25 and 49 since the activity of these has not been detected. .

. The known facts are ' S : o

28 geots IS newhiens Shg oo, o
B 2< » <150 » . - v

45 ”n < Soo Y

'l;It is considered probable that the rates for 25 and 49 are much -

7 smaller than these upper limits. Even if 25 and 49 were tho same™ . .

. ..7a8 28, a 40 kg bomb would have a background from this source of
- 600 neutron/sec. This does not seem aifficult to beat,

Ll . But- if U is used as tamper this will weigh about
-ila tom which gilves 15000 neutron/sec, 0f course not all of these

- will get into tho activo mabtordal but one may expoct a background“::.l‘

" of several thousand per second from this source. :
' Thus with a U tamper one is faced with tho problem

‘nx{of high velocity firing. 1In the range of moderately high ef- _Uffﬁ.
. ficiencies, s2y 4 Ms of ective material, it might for this reason ' .

-“not ‘be -worth while to vae a U tamper, since as we Heve seen, an
inactive tamper will cost only absut 15% more active naterial,

.0r one might use a compromise in which the tanper was an inner .

"~ layer of U, backed up by inacctive material; for mcsses this large

- the time scale-is so short that ncutrons do not have timo to pen=- - . °
cetrate more than about S5 cm into the tamper anyway. B
. ;o .. (c) Nuclear reactisns. The only important reac-
tions are the{¥,nyroactions of 1ight elemen_t«s\\vhicu might be pre- -
sent as impurities, The<¥{ \reac?i?psgh §§§\hggl@giblo yleld. .~
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.. Let us examine what sort of 1imit on light element impurities
.- in the active material is set by the need of holding down the
“-neutron background from this source. ‘ ' :

SO
- The:problem is particularly bad for 49 since its

== 1012 sec, _Thus 10 kg of 49, containing 2.5 x 1025 nuclei

‘:gives 2.5 x 1013 -particles/sec.

The yield from Ra 's on Be 1s 1.2 x 10-4 and-

kL7i'the shorter range from ™'s of 49 as compared with those of RQ
.. and its equilibrium products will perhaps cut this figure in
- .half, say 6:1079. Since the stopping power for &'s of these

- energles is proportional to (7( wherc A is the atomic weight,
~.. the stopping power per gram is proportional to 1/VA

If the concentration by weight of Be in the ac-

- tive material is C then the yield of neutron/sec is

. R Y2337S e Na ey T s -
where P\g\is the number of o« 's per second and is the yield. .

. Hence to get 10000 neutrons/sec one would need t& have a concen-

tration given by ’

TP e 9507 6210 "= 107

B that is (:ﬁ,lojéilh,’
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.~ The effect of several impurities simultanecously present:is of

b
3 on the concentration by weight for several light elements for -

is

production of 104 neutron/sec/ . . o I
oininoTd sre A - - 2x 1079 T T P
GRS T Be T et 076 et T
1 LB T o i2d10-6 L
; TG L 207% [ s . ‘

S e .. v N A - R VR
K ) P ¢ DR . 2 x 10-9 - wWae S .
§ : P 007 2 x10-5 C : '

;§% Low yield because only €13 contributes.

(fEEIEBfis;*UI‘Ebursa, a very low concentration of anything in any-
" thing elsec. ' T

The yield drops-ropidly as one goes to elemeonts

So it is unnecessary to consider limits on elemonts beyond Ca
as long as ordinery standards of purity are maintained,
.-  Experiments on the yiclds with light elemonts :
need to be done. One can base some rough gucsses on the standard
arrier penotration formulas and find the following upper limits

#t (X ~n) reaction not energeticolly possible, = -
it Low yleld because only 017 contributes. . :

course additivao, . .
It is thus recognized that the preparation and

" Tandling-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 thz neutrcnm background will be high

.. -ond thorefore high velocity riwiing will le desirable. ’

With 25 the eftuavion if much more favorable. Tho

.. &U's come from 24 present in norm2l U to ebout 1/10000, If all
- 24 goes with 25 in the seporation fror 28 we shall have 1/100 of
.24 in the 25, The lifetime o5t 24 43 100 t4mea +hat ~F AG e +%~

ifvhalf-life 1s only 20000 years. Its meen life is thus 30000 years

~

. of higher atomic weight bocause of the incronsed Coulomb barrier.

o
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. . . :
~ concentration of impurities in 25 may be 104 times that in 49

'Lﬁi,for tho seme background, which is not at all ;difficult of attain-
*. . ment, : )

{g,‘t&mper will be not very difficult.

. 20. Shooting

... We now consider briefly the.problem of the actual mechenics of |
shooting so that the pileces.are brought together with a relative
velocity of the ordor of 10° em/soc or more. This is the part
of the job about which we know least at present. :

" T One way is to use a sphere and to
' -shoot into it a cylindrical plug -
made of some -active material and
some "tamper, as in the sketch. Th
- avolds fancy shapes and gives the
‘ most favorable shepc, for shooting; to the projccted piece whose
©. -mass would be of the order of 100 1bs. '
T The highest muzzle velocity aveilable in U. S. Army guns
- 1s one whosc bore is 4.7 inches and whose barrel is 21 feot long.
"~ This gives a 50 1b. projectile a muzzle volocity of 3150 ft/sec.

ady
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o To summarize: 49 will be extremely difficult to work withrﬁ
. from the stand-point of ncutron background whercas 25 without U o

o ——————
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_ . :The gun wecighs 5 tons. .It appears that the ratio of projectilb,¢2§;7€9?//i

~-mess to gun mass is about constent for different guns so a 100 I1b:
w:projectile would require a gun weighing about 10 tons. <
DR The woight of the gun varics vory roughly as the cube of th
v. ‘muzzle veloclty hence there is & high premium on using . lower vel-=
- ocities of fire. g ‘ | A -
PO Another possibility is to use two guns and to fire two pro%
c... Jectiles at cach other. For the same relative velocity this ar- ..
- . rangement requires about 1/8 as much total gun weight. Here

- the worst difficulty lies in timing the two guns. This can be

I partly overcome by using an clongated toamper mass and putting all
- :z.the active meterial in the projcctiles so it doces not matter ‘

1t exactly where they mect. We have been told thet at present it
-7, would be possible to synchronize so the spread in places of im-

B3y
N,

4.2

e

e
-’

oo
o

?o ue

Y

4

2 pact on various shots would be 2 or 3.feet. Onc scrious rostric-"

".! tion imposed by theso shooting mcthods 1s that. thc mass of ective:
..material that can be gotten together is limited by the fact that .

" cach pieco separately must be non-explosive. Since the =eparate .. .. = -

- pleces are not of the best shape, nor surrounded by the best tam-
.. per material, one 1s not limited to two critical masses for tho
- Ccomplcted bomb, but might perheps get as high as four critical

i rasses. However in the two gun schome, if the .final mass is to

- be ~~ 4Mc, oach pioco separately would probably be explosive as

.. Soon as.%it cntored the temper, and botter synchrenization would
bo requiroed. - It secns worthwille to Invecstigate whother presont
’iporformanco might not be fmpreved by 2t factor ten, - - ~
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R ' .. eccumt co“‘-‘A’,‘a‘_"@}'“'c £g-31 30 O ',‘“.«'— Sutssusual secret toports. ': Parsons ro-
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SovorS“tas rictions on the mass of tho bomdb can be’ci%éumJJT

~ vVented by using pleces of shape more difficult to shoot. For ox-

"~ amplo a flat plate of cctual material tamped on only orte side, has
a minimuz thicknoss bolow which 1t can no longor support a chein

- roaction, no matter how large its area, because of ncutron leak-

. tge across tho untemped surface. If two such platss were sl1id

- together, unpamped surfaces in contect, tho resulting arrangoement

. could be well over the criticel thickness for a plato tanpcd on

- both sides, and tho mass would depend only on the aroa of the

platos, ’ L ) .

, Calculations show that the critical mass of a well tamped

© sphoroid, whoso mafor axis is five times 1ts minor axis, 1is only

- 35% larger than the critical mass of a sphore., If such a spher- -

- 0id 10 cm thick and SO cm in diamotor were sliced in half, ‘each °
Pleco would be sub-critical though the totel mass, 250 Kg, 1s 12

. times the critical mass. Tha efficiency of such an arrangemcnt

. —_— would be quite good, since the ex~ .
S\ - . pansion tends to Bring the metoriasl -
' == more and more neerly into a spher-
icel shape, -~ T —FF—
. Thus there are meny ordnance questions we would like to _
_.have answered. We would like to know how well guns can be syn- - -
~.chronized. We shall nececd information about the possibilities
of firing other then c¢ylindrical shapes ot lower velocities. Also
we shall need to know the mechanical effects of the blast wave
- Prececding the projectile in the gun barrel. Also whether the .
projoctile can be made t»o seet itself properly and whother a pis-
- ton of“inactive material may be used to drive the active material
-into place, this boing desirable becauso thus tho active material

fpasiyct not cerefully analyze

For example it has been Suggestcd that the pleces might be mounted
on 2 ring as in tho skotech. If oxplosive material wero distrib-.
uted around the ring end fired the pieces would be blown inward E
to form a sphero. . ' ' ’

Anothor more likely possibility is to have the sphere as- °

&)

2D

Verfous other shooting arrangements have been suggested but .

sembled but with a wadgo of ‘noutron-absorving materinol built into;au ’

it, which on firing would be blown sut by an explosive chargo
.causing )4 to go from lcss then unity to more than unity. Hore

the difficulty lies - in tho fact that no material 1s known vhose
absorption coefficient for fast neutrons is much lerger than tho
omission coefficient of the bomb matarial., ZIZcace the absorbing
plug will need to have a volune ccemparablya w5 That of the absorb- .
ks and vhen removed will leave tho aeti-e ncserlal in an unfav-
b\fblo configuration, equivalent to a .low mean density.
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\J;Qﬁ%y‘ 21, Autoceatalytic Methnods

The term "autocatalytic mothoq™

~any arrengement in which tho motions of material produced by the
- reaction will act, at least for a time, t> incroase V’ rathor than
to decrease it, Evidently ir arrangements having this proporty

. cen be developed they would be very valuably, cspecially if the
.tendency twoard increasing V/ was possesscd to

Suppose we had an arrangement in which

.increese of its own accord«from a low valuc like 0.01 up tos a
- value 10 to 50 times greater. The firing problem would bo gim-
. Plifiod by the low initial valu

. be maintained by tho tendency to decvelop a high value of V! as .
' the roaction procceds. It may Do that a method of this kind will
" Dbe absolutoly essentisl for utilization of 49 owing to tho diffi-
. cultios of high neutron background from (o N ) reactisns with the
. impurities eos elready discussed

is‘being used to describe

® .

“ The simplest scheme vhich

L , '~ might be autocatalytic is in-
TR - - ' dicated in the sketch whero
el o - Ef::] " the active meterisl is dis-

.pose that when the firing plug
is in place one has Just tho

o criticel mass for this config-
uratisn., If as the resction proceeds the expansion were to pro-
ceed only inward it is easy to scee from diffusion theory that V/
would increcse. (If course in a

ctual fact 1t vill proceed outward -
-{tonding t> decrease V’) as well as inward and the outward ex- .

any marked degreoe.,
Or example y/ would -

e of V' , and theo efficiency would .

posed in a hollow shell. Sup- ~

& Dbansion, wsiuld in reality give the d-minant effect. However, even ‘.
o 1if the »utward oexpansion were very small compared to the inward. -
< e¢xpansiosn it has been calculated that this method gives very low
2 efficiency: with 12 Mc an efficiency of only ebout 10-9 was cal-
@ culated, : , ' '

& A _better arrangement is the "boran bubble" ocheme. B1O

\E\ has the largest known absorption copss-section for fast neutrons,
\2{1.52:1072% cm?, "Suppose we take a large mass of active material

1 5Jand put in ensugh baron to make the mass just critical. The doe-" -
g:;giee is then fired by rdding some nmore active material or ‘tampere.
AN - As the reactisn proceods the
A boron is compressed and is

- 8 = -

less effective at absorbing’
neutrons than when not com-
~presscd. <his can be seen
most readily if one considers
the case in which the bubbles
in which a neutron goes in °
Then their effectiveness in remov-
nal to theilr total area and so will
will increase as the bubbles aresx’
ficiently large this . tendency 153~

‘.. are large compared to the mean depth
"~ boron befare being absorbed.
" ing neutrons will be proportis
drop on compression. Henceo U’
. Compressed. - If the bomb is suf
" bound to overweigh the opposing
. of the bomb material, since the
- "move to produce g geven docrea
- of the bomb, wheroas for.a lar

distaiace trhe cdge of tho bomb Mmugts

ger bomb'theiﬁistance tho edge of
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bubble must move 1is unchanged, since it is not nocossaby\to in-
crosse the radius »f the bubbles but snly ts use moro ol then,
. The density of particles (eloctrons plus nucloi) in boron
'1s 8.3 x 1022 porticle/emd waile in uranium 1t is mero than &
- times greater. Thereforo os s»son as the reaction has procoeded
- to the point where there is a high degreo of ionlzatisn and the
~material bechaves as a gas there will be a great dction to com--.
- press the boron. An opposing tendency to the ano desired will be
" the stirring or turbulence acting t» mix the boron uniformly with

. the uniform, but the timec 'scale is too short for this to: be ef- =
~Tective., :

-

. 1t can be shown thet if initially'vézcj, allowing far the
-boron absorption, and if no expansion of thHe outer edgo nccurs

then v/ will rise to v/~ L (y-/) by compresston of the boron.
' This schomo requires at lchst five times the ¢ritical mass for

-no boron, cnd the efficiency is low unless considergbly more is
usedo ) v )

(1

"nH-boron critical mass be just criticzl, "then the efficlency 1is =
lower by a2 factor at lecst 30. . ; T
: All autocetalytic schemes theot have been thhught of so far
‘require large amounts of active meterial, are low in officiency
;unless very largo amounts erc used, and are gangerous ts handle.

. Some bright idcas are nccded., : ‘ ' ‘

22, Conclusion

- From the preceeding outline wc see that tho immediate ex- )
~perimentel program is largely concerned with meassuring the neutron .-
_frjportieaAofvvarious materials, and with the ordnance probleri.-

t is also nocessary to start now studies on techniques for direct
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