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FCREAORD

The Problem of Loa Alamos

In the most general terms, the problem of Los 2lamos was ta produce
a fission bomb of military importance uaing tle reutren-linked chain resction
in uranium 235, in plutonium 233, or in some combinaticn of the two materiale.
Trere was a general impression, at the beginning of the work, that such bembs
releasing less than the energy prcduced by thre high order detcnation of

1)
1000 tons of TNT would be decidedly unintoroattng( .

[¢Y)

The energy releasse per ton of Tl - is rather arbitrarily conaidered
to be 4 x 1016 erge. The energy release per 5r§g of fiaaions of
uranium 235 or plutonium 239 is taken as 7 x 10+’ ergse

Little oons.idontio.n was given to amy other method of delivery than
by sirplene end this \ut some limits on the mighﬁ and size of the com-
ple.tod bomb essembly. 1In order to make use of existing bombing planes
with sufficient range is seemsd adviszable to make a bomb that could be
carried in a B=29 with only minor alterstionse This meant that weights
over about 10 tons and oross section dimensions grester than 60 by 132
inches were undesirable for the completely assemblad object, if it were

r2)
designed to fit into a single bomb bay.’

Ter 1.
The "fast" gun for the plutonium bomb was at one time designed to ex-
tend through both bomb beys and required removal of the partition be-
tween theme The gun program for plutonium was abandoned in favor of
implosion.

The bomb must be used in such a way that the release of energy would
be accompanicd by the maximum destructive effect, and since aew orders of
magnit-de of energy relesse from a single tcmu wers contemolated, this meant

a thorough exaninatina of the theory of damase from high exnrlosives n ~rler

*o extraonlate to +he new =-n?d ‘.:‘.-':;m—

L
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It was also considered rart of the Los ilamcs »roblem tn «eep inwes-
tigatiens going on methods of auzmentinz the enerzy release from the fis-
si:n bomb by indiciag theruno-nuclaar reasctinng in the light nuclei such as
deuterium and tritium.

This volume attemris to give a zenerai survey, without details, of the
effort at Los ilamos to solwve these -rotlems. Although some wenting (s made
af “he neriod bYefore the Labormtory was crened, the follnwing account son-
centrates on the periocd between the cpening in Arril 1343 and +he and Af

the Japanese war on lugust 15, 154S5.
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TEE PGELiM UF TUE CrRITICAS 1SS

Jatuer K. neilizson

lel aAn Llienentary Matrersticel Treatment cf the Critica-. Mass Dretlen

The fact that & diverprent chain reacticn linked bt the neutrcrs liceratec
in the fission of U-/25 is possible was demnnstrated by the Metallufgicai
lLaboratory at the Lniversity of Chicago on Cecember 2, 1942, The tuype of crain
used there, hcwever, was juite difl'erent frem that which cocurd give 4 s-tis-
factory enerpy relesse in a fi:sion borb, becaise thermsl neutrons were arn essen—
tial link in the prccess, The fast neutrcns liberated in fission were sicwed
down tc thermal energies vefore absorption in uranium to centinue the chuir, The
lifetime of thermai nevtrons in tle inrcmogenenus mixture of metallic uranium
and graphite used there, that is, the periva hetween the arrival of thre energy
of the neutrcns at therral values und the absorption of the neutrons intc uran-
ium, is of the order of milliseconds. This slows dcwn the period of the chain
to surch an extent that in an uncontruliled reaction the iiheratiun of heat wou.d
break up the resctor and the reacticn would stop through neutren ieakage out
of the fissures before any consideruble energy release had been attained. &
fission bomb must operate on fsst neutrons, so that the reaction ﬁrcceeds to the
point where thousands of touns of T, N. T equivalent energy have been relessed be-
fore the inertia of the heavy nuclei of the active material can Le cverccue to
the point of dispersal of the vcmb and cessation of the chain r;action. :

(Une of the most typical features of a chain reacter is the phetomencn of
critical size. When tne size of the apgregate which is t¢ chain-react is sub-
critical, so nany of the neutrocns preiced .eak out through the boundaries tlrat
the chain cannct ccntinve without Lirdt. The critical size cof the praphite-
uranium hétcrogeneous agpregate as detersdned in 1942 gave very :ittle ihfnrmaticnd

reievant to the amount of naterisl needed Tir a firsion bomb, tecause the roper-

- S e ey A EY LS




ties cf the fissioravle nucimi with respect to neutrerns .f therral energy and
of a few mililion volts,energy are quite cirferent.

The grcss features of the situaticn will he illustr.*ed by avplying a classe
ical diffusion thecry to & finite, homoceneous lump contiduing tissivnat..e
material, or more precisely, tc the .rovlem of the active =rrere without i neu=
tron reriector arcurd it, This seems to be the nuturil netlcd of intreduction
to the mathematicai treutnent ot the sutlect, but resu.ts wi-ich are nore than
qualitative incdications are nct to be expected.

Sore of the apprexiuations being rade will te pointed cut in the ecurse cr
the treatnent, but & major cne is that the t:pe of thecry used is desi:ned for
a4 case in which the rmean free path of the zuving =articies (neutrons; is nep-
ligibly srort ccmpared tc the dirensicns th;oufrcut wt ich tne macroscovie -truc-
ture is hcmogenecus. This is not “re cuse in the active raterial of rission
bombyg, a8 will be ss=en later,

let ¢(x,y,2,t) be the number of neutr-cns per cubic centimeter near the
point (x,y,z) in the aggrepgate of fi:siorat.e material at time t, The tine
‘dependence of § is found by considering -re bal.nce between the sources and
sinks of néutrona,

In the case of the fissionable s.ustances U-235 amd Pu=239, there are al-
ways sources of ncutrona~£hroughout th.e aggregate due to tne action of alpha
particles on the light elements present as imrurities. In the case of U=235 the

(1)
malority of the alpha particles come r'rcm tne shorter-lived U-234 which it con-

(1)
The U~235 sugplied from the Cliintorn i, ineer vorks coptained acout one part

in 12U of y=234; the half lite -t U~235 i3 7,77 x W' years, anc that of
U=234 is 2033 x 107 years,

tains; in Pu=~239 the alphas arise frun its disintegraticn to U-2735 with the char-
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Cheas the omet oo

NELP o enbar g leave *he reclor reap Dx,uw,1, by AiCTusing Shrei,h o
Z-undarie<. The net .ain per cuuic certimeter in the regicn is viven Ty
2 2 2
DVig= 13(”‘a 0dd ,od
Ox¢ dy® 9= ~

vpere J is tne st —called "diffusicn coetlicient”, llsing q to represent “le

'...
-

chiterely 2istrituted rate of ‘procuctiun of neutrons through (@ ,n) reacticns
or througl. spunitatwous fission, we have,

od_

3t =DV d+(u- ) r"+q (2

Zxperience wizh partial differecci i 2,ticns of 2his torpe his shown Vo

scawtlons of mysic~1l interest rny te ontarced  lnothe torm

¢(x,y,z,t)=F(x,y,z)T(t) +Q(x,y,z) i

OV, 8y Lite vy ooution o the UUow=inesectert difrecential equation

AP




and furthercvere, in spherical sylmer.rr, there 18 a vaine of *le ranlis ab wiich
< = 0, corresponai-z %¢ tie «uler boundary cf the materizl, Substitution of

equaticn  (2) in (<) leads to
FT =TDVEF+DV3Q+(z-)77'(FT +Q) +q (5)
and wsing eguation (w) we creain

FT=TDV*F+(@-)7"'FT (5)

Tne rariuuiss .ay te seyarated throush division by FT, Leading to

- -2 2 - 1)
T-'F = pF-'ver + &20 )
The time-lependernt ..d space-depencent mrts of thkis separated equation zust

actually be constant; it is convenient w5 call this constant 2z’ - 1] . Thue
r

=8 have .
L ]

1 4T _ 224
T dt 7 (&)

and

e 2 (9)

R
FYF=7D

Equation (8) clearly has the soluticn

T(t) T exp {'Z_’:-l ‘-}e (1e)
the implications.of vhich we shall cucrsicder Later., Since D {tself has the dim-
ensions of areu per unit tine, the product D= which appears in equation (9) has
the dimensicns f an urea, and.will be rcéresenned by Lz. Let us now iimit the

cenersiity; «f euation 13) by ocstulating spherical symmetry, This rieans that

- L
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if V2F is exprecsed in spherlcual coordinutes (r,8,@, , only these terrs in r will

be retained. Thus ejatizn (9, -ecomes

1 d[.dF), ze ‘ (11
réF dr (r dr) LZ e

The standard netrcd of soluticn is to introduce a rew variuclie § = rF,

which Zeards to tke form.

{ 4% L . .
5 i e

The solutions of this well -kncwn differential equation, after repiacing F,

are ]
F= r"(c,ei-"—@z +c,_e"mt%—z) (13)

A real soluticn of equal generality can be found by making cl and ¢
. <~

conjugate complex numbers. We then obtain
F=rle sin (rL™*fo-2’ + 4 ) . ()

and the condition that P remain finite at r =0, discard d . e can

summarize our results thus far by writing

. L‘)f ‘/__' 7
¢(r’t)-t"'c¢’ sjn(r :”) + Q(r) (15)

It now remains toc find the functicn ;(r), which is the solution cf equation
(4), Expressing the La Placian in terms cf spherical symmetry, and rearranging

slightly, we obtain

| d dQ 9 2= 1
—— z—_ —a
réQ dr (l' dr + Da i _ (16)
vhich, after the usual substitution 5 = r., tecacues

dés qr -1 . ‘ i
T S

v * D =TT
SEETTN

=i P et ERL
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can now be eval.ated from the condition that @ (R) = ¢,
where [{ is the ra-iius of the active miaterial. This gives

' R
- 947
c- i om =

and the solutien for (r) is

(22)

rhich i3 zero at r < H,

24

Further infor.uition may be cuiuined ty returning to the time dependent

erm in equaticn {15) and realizing that o 320 times it rust rew:in zero
.
r = R, This gives us the conditicn i at .
Ryer — 2’ _ n
L {3
“rema o U AN AT P . Thios the . ot Geh v .29 )’




v
.
=
-
10]
| .
y
<
«
O
'_l
c
(a4
>
O
3
te,
oy
3
[ ]
’.
0O
W
..
8
J
|

fer wnich there a-~e accentabie scgliuticn

tereit Ior spherica. symmetry cafn ce wristen

fo- e Pontezs el

- Y (7L
é(c,t)=r nZ'C,nexp -2 sin{—— )t I
. L

LIPS

1.1-1 The Uritical "adius =nd Critical Masse

I tre ex_cnent in =y one of *he time-~2rendent terms of equaticn (25,

-

[

cecurmes pusitive, the number of neutrens per cubic centimeter throughout the
sphere ! sctive aaterial will increuse witiout limit. If we construct Li:yser
and bigper spheres, criticality is reached at ]

wl

R, - (29)

according to the rough theory presented here, The corresponding critical

aass Mc would be
M. =3 mpL?(2-1) (27)

where /o is.the'density.

Let us consider experiments with a set oI spheres havinE radii samller
than, but com,ars:le with, the critical radius. In the sphere cf suberitical
radius, the time-dependent term cf equation (25) can have only transient effects,
because :Le expunent is negative, anc they raridly die away . They can be mom-
entarily excited, feor instance, by turning on a source of neutrons nearby, and,
if desired, their rate of decay can be studied,

The steady state is given by “he tire-inderendent term which can be written

. [T
g | R .smér-

?(r) =1 : . (28)
Tnoa surier 1 coheres of increasing £, we Lave

’. .
ETEC @S(r)=oco
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and in the larger spheres tie neut—ous . resent frem (Q,n) and spontareous
fissions are mulitiplied many toud, Multirlications of W =t'hid hiave been cb-

served at Lo3 alamos in such tests, Tie sgpheres, wezre, rowever, surrounded by

neutron reflectors, vhick will now be discussed.

1,1-2 The effect <& 4 Rellector.

The <ritical zmass ¢! mctive naterial necessary for a divergent cnain -e-

acticn ran be consideracly cecreased by enclusing tie s:lere in a neutron “e—
flector, In the “anciful case of a pertuss reflecter none of the n2ustrans ol
escape and they woulid remain incice, cpliizting the rissionable nucled uavi. ..
the .ctive ruterianl was transformed our tle neulrnns abscrted in the accuﬁulwr;n;
fission preducte, and thus any amount of zctive material cculd te race cricicz. .,
Zesides reflectin;; neutrcns back into the active zaterial, the jucket or "tamper:
may, because of its inertia, delay t!.e expansion cf an exploding bomb and keep *he
core hypercritical longer, ailowing mo:re energy to be released., another ieairun_e
feuture of such a jacket, from the point of view of a destructive nuciear cx-
piosion, might be transparency to the electramagnetic radiation from the hot care,
since radiation pressure is a potent faictor ir dispersing the material.

The following simpie treatment of the reflector will use the diffusion aqua-
tions and hence give oniy qualitative results, Furthermore the treatment will
assure that in the active muterial anc the re:lector the neutrons have tlie xu.e
diffusion coefficient D. This assuujticn is not strictly apjplicable %o any re—
flector material seriously consicered .. _os .ianics,

Consider a core cf ictive nateril of ratits . surrounded by a sr-herical
shell of radius P » %0 that the thiciness 5f *=e sheli is /a-Jh as in “Lrure i,

The nroduct D77 is cchasidered diftecert ‘n *le ccre and the reflecter, 3¢ that

we hzve

[

v S
# - \J~J
[ r

o . <

uflecrar 5 the critingl

-
‘%
.
-r
I
3

iie are interested in finding the «fie *
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given by <hre rtiro-ingerencent part U, Lhe 13 equation (1) wikth & =q =0

S0 thzt we ntain
] exp(:'/Lr) . A

Thie can 250 ke written

at

r{. {r; = asinh (r/L. ) 4 Beosh (=/L.l. e

s

In setting up tre cnre-plus-reifector preciaem, we have, *hen

regicr Form of t'e neutren concert et

“incticn
O<!‘<ﬂ Qc Zer Csin(ere 1/11 -1 /‘..c)

R(!‘(/o Y =r . intr (r‘/Lr) + 3 :.ﬂSh(r,’Lr}'
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Figure 1

Relation of Active Core Badius (R) with
a Reflector (mdiusﬂ) to Active Core
Radius (Re) without a Roflector.
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n
A sinh AR ¢ Bcash 8R = sinarR (35)
A sirh & ¢ Jcosh dp = C (36
weere @ T 1/L. and &= ﬂ'/f’.c 37)

Sclvirg for A and E in these equat.icns leads to

iz _—cosh Gp sin @R S
sinh #-— R)
3= _sinh Gp sin & R : Y

ginh ,6(/ =)

low ve m13t use the ccndition on the first Jderivatives, which legds %o - e

expression

{ﬂcoth,@(/a-ﬁ)-/a'l}sma;lz=a.cosa;!2-E-lsinwﬁ (W)

Q-r)
or tan (#R/R) = ( A L., /R) tamn (&1
c c Lt'

If the thickness of the ret‘lectnr,/a =R, 13 zerc, we should pget the gucis.uwn
vaiue of R for a divergent chsin reaction. ‘e see that equaticn (41) gives, inder
this condition, tan( #R/R ) =, neaning that thec argle must be #® , =nd R = R

C : ’

which i3 the cx‘itica:l radfus without retlector. Presence of a raflector will de-

crease the radius of the-active 'mt.erial‘, so we obtain

R=R_ [1-  arc m_{ mL: tanh &-.-a}
R L
c r

~~
k.
-~

Here Rc_ i9 the critical radivs of the nctive material without a retl-ctur,
R is the critical rucdins of the encused cere, s L i3 o Length characteristic
cf the reflector. Fcr =n infinitely “hick -z7e (Ia -1 =00), we lave

R=R { 1 - _arc tan(gplofi- ) __~} {wi
¢ L
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3o that a reflector characterizea by a length LX:£> Ry <couid reduce the critical
radius to one:half and the critical mass to one-eighth of its value unenclcsed.
The attai-iuvie reaucticns ure c.oser to a tuctor ot four,than eight in the uass,
cut ia any case so much precious uctive muterial is saved that it was obvious

from the first that a reflector rust De used.
-

1.2 THE DIFFER=ITOAL METY(D (F TT.CK Ci TE CRITIS.L <MAS3 PROBLEY

The critical musses of the raterlials U=235 and Pu=239 were odviously of
fundamental importance. The auounts would indicate whether cr not the factories
as planned could possiodly produce a bomb in a time comparsbie to the best es-
timates of the durati_n of the war, and thus they‘set the time schedules of the
entire enterprise, [he size of tl.e equipment !lor sudden.y assembling a hyper-
crifical assemb.y is also influenced by this resuit, nzthough ear.y estimates
had been mude and discussed consideraoly vetore the estaviishment of the Los
Alamos Laboratory, and vere continually being revised and improved, it was clear
that a program on this prob_em was essential.

Enough was known t0 be sure that amounts o:f the active material sufficient
.for a direct "integral® attuack on the problem would not be available tor meore
than a year after the laboratory staff was assembled in April 1943. Such an
attack would be to noasufo the neutron multiplication in larger and larger spheres

and determine the critical r;dius by extrapola.ion. Since less than a gram of
separated U=-235 was available, and oniy a few micrograms of Pu-239, the initial
efforts would obviously have to be a_.ong the line of "differential® methoas,
namely studies of tire funadamental nuclear constants involved. Equations (27) and

’

(43 give usindications Lf what these constants ure. These equations explicitly

involve the constants2/, L , Lr and the density o . The constant L, or

diffusion length for absorption, neecs tu-ther elucidaticn. It appeared in the

ejuations merely as o symbol for 1/D7' . In the kinetic <hecry of airiusion




1
D’—‘jAV | (4)

where v is the speed of thre woving partic.es, and A, is the "transport mean
free path", or the averare cis-ance vetween collisions multiplied oy a ructor
giving the err'ectiveness of the .verage collision in advancing the particie .:ross
a plane ccundary in the suvstance. It has becoms customary at Los .lamos to

write

- -1 .
Atr - (ﬂozr) («5)

where n is the number of nuclei per cubic centimeter and c,z is the transycrt
r

cross—-section per nuclieus in syuare centixeters, given by

o =or to; %g(ﬁ)(i*cosﬁ)dr | ; (wb)

In this expression 0;(0) dr is the cross-section for eiastic scattering
through angle @ into the elementury solid angie dr.@7 is a cross-sectiun for
inelastic scatterirg, in which the neutron loses energy by raising the nuc.eus to
one of its excited states, as contrusted to elastic scattering, where the energy
loss is given by the conservation of momentum and energy between neutron and nucw-
leus. In the absence of any detailed knowledre about inelastic scattering, its
cross-section is assumed to be independent of the scattering anglo.c,? is the
fission cross section.

The rean 1ife before absorption of the neutron, in terms of neclear cross-
sections, is

7 =(nop vt | (u7)

where t’? is the fission cross-section.. Thus we have

2 = - 2 -1 o
L D7 = (3n O'M_O‘f ) (u8)
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In the refliector, the L invoives the sape concepts, cut in re:lectors ¢
nonfissionablie raterisl GV} in equaticn (48) should be replaced by an ordinary
absorption cross-secticn C’;- It is c.ear that the concepts ‘ust rresented are
very rough, and that a carefll study of the diffusicn o: neutrons in ordinary and
in fissionable materials wi;: .8ad to a much pore detalied understanding o: -“he

gross features we have lubeiled crz, C’;. and c’; .

1,2-1 The Prob.iem of the Enersy Distribution cf the rission [.eutrons

All the cross-scctions which must be measured in a "2ifferential® attaczh urcs th
critical-mass _roblem vary with the energy of the neutrons, sc that it is import .n*
to measure them ‘at energies which are .ikely to be eifective in the vombt. :he
energies effective in the bomb, in turn, depend on the enerpy spectrum of t:.e
neutrons emitted in fission, and a study of these eneryles in U-235 and Pu=-239 was
obviosuly necded. The problem is difticult one from the experimental point c¢f
view. Three different tschniques of measureing neutron energy were tried at
various times: observation and measurewent of recoils in a Wilson chaiber, measure-
ment of iength of recoil tracks in a photogravhic emulsion, and measurement of
puise heights from the ionization of hydrogen gas by the recoiling p;otons. Cne
of the diffuculties is to be certain that an observed recoil or pulse really comes
from a fission neutron which has not becn scattered betore producing the recoil
which is detected. .ilso ohe must know witi.in reasonavle limits the anglie through
which the neutron wus deflected in the recoil process, F[urtheruvore the neutron
must not have been of the dslayed type, emitted by one of the fission products
after-one or more beta-dacays. Such delayed neutrons occur in roughly 1 per cent

of the neutron emissions in U-235 and Pu-239. The action of a fission bomb of

acceptable efficiency is so fast that these delayed neutrons cannot contribute to

the energy release.
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The problem was attacked at Stantord University as part o tte atoric bomb
prbject before the opening of tne Lcsg Alanos Laboratory, ana continued as part of
the program during the rirst eighteen mcnths., The meti.ods anc results are discussed
in Volume 3 of the Tec:nical Jeries. . ygravhical indication of the data which are
judged to ‘be tre rost reisiuauv.e is pgiven in Firure 2. It i3 ©f interest that uirect
evidence of the presence ¢f neutgons ol higher than 9-mev. enerpy in the fissicn
spectrum is cbtained from the observaticn that effluent water from a water-coc.ec
chain recuctor has t:e g-second activity ol nitrocsen -lo, irom the reaction:

Ll7 N17
g (n.P)7
The masses involved are weil enough known to establish that this reaction i{s en-

dothermic to the extent of 9.3 Mev,

l.2=2 \Measurements of the Cross-3ections ror liigh Energy Neutrons,

. ) .
Figure 2 shows that the average tission neutron has an energy of about 1.7

Iey, and indicates the energy region through which the vaiues of the nuciear cross
sections needed for the,caicuiation of the critipal'naas must be peasured. It was
therefore important to have éoufcea ot high-energy neutrons of known energy avail-
able for the investigations., These sources were

(1) The high-potential van de Graaf generator.

(2) The DD source. ' |

(3) Photo-neutron sources.

Two pressure van de Gruaf generators were brought to the Los Alamos Laboratory

from the University of Wisconsin. For tne r~cducticn of high-energy neutrons they

used ti.e reaction i 7
5 . pe® )
3 (pyn) & ;)= =1.03 Uev, y




The threshcid fof the reacticn iies at a proton energy of 1.80 Mev because
of the motion of the center of gravity,

One of the pressure tanks procduced 4-Mev protons, which rceans that neutrons
of known energy up to 2 Mev were available., 4t a .given protun energy the energy
of the neutrons charnges witﬁ the angie irom the protoun team, giving an additional
method of variation. Using these neutrons, the cross sections for rission cf
U=235 and Pu 239 were measured frcm 5 kev cut to 1800 kev. In addition %o these
studies, the cross sections for f{ission of U-233, Th =232, U-238, Pa=231 and Hp=—c 7
were studied as functions of neutron energy. The application or.the resuits o

the problems of Los .lamos will be mentioned later . -y

The exothermic DD reaction
D? 3

1l (d,n)ZHo ; Q= 3,18 Mev
has been extensively used as a source of fast neutrons of kncwn energy. A high-
potential set using tranatormsri, rectifiers, and condensers according to tne
scheme used criginaily by.Cbekroft and Walton for nucliear disintegration stuxies
was brought to Los ~lamos from the University of Illinois. It preduces a constant
high voltage of avout 200 kili!01§llfor the acceleration of ;he deuteron beus. At
this bambarding voltage thovipuﬁrén-enorgy vuries irom 3,08 Mev in the forward
direction to 2.07 Mev b.gk!g;ﬁ; Since the energy liberated in the reaction is
large compared to the Aviilahl;‘bonbarding enerries, variation in the accelerating
voltage does not prnduccf;uch chahge in the neutron oﬁergy. It was at first tnought
that the energy of these DD neutrons is abociut that of the average neuticn from
fission; actually their energf A£.§0°, 2.5 Mev is somevhat higher than this value,

This equipment was used.for a study c¢f the elastic and inelastic scattering
of neutrons by elements which migiit be used =s a retlector, in an attempt to
select one by such "differential" measurewents. Later a serics of measurecents
lés made to cetermine by a more "integrul®™ method the albedo, or percentage of

reflection fram spherical shells ol the best reilectors. These wueusurerents were

begun in the effort to find out how 4 bomb with ni-i'rosen in it wouid act; the pres-
) s '_._x:-,,,_:.'. > 8
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; Figure 2

© Relatiomship of Neutron Eviergy
to the Mmber of Neutrons (The
Inergy Spectrum of Fission Neutrons)
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erice of hydroger, with its hipgh noderating efficiciency, Lukes theoretical cal-
culaticn diffucult., ihen it vecume apparent that elthcugh the presence of hy—
drcgen lowered the critical mass, it reduccec the erficiency disastrously, the

3)

hydrcgeruus bomb was dropped, The albedc measurerents were cortinued, however,

(3) ‘
See prart 111, Clhapter Z.

on netallic reflectors. A suall heavy-ice tarjet was pluced in a cavity iu the
reflector material anc the fission rate at another polnt in the cavity was resas—
ured cirectly with u U-225 fi:sion detectur. 1v23€ fission detectors, which are
sensitive to neutrens above 1 Mev were also used., Protoactinium has a fissicn
threskold at about 4L( kev., Milligram amounts were acyuired for the laboratory
by purchase from a private stock and mude into detectors. Later neptuniun-237
was fcund to huve a thrgshold approximately eyual to thatlof protoactinivm and -
to te easier to handie chemicaliy anc to plate out on foils, Some 17 milli-
grams of this suvstance were cbtaired trom a special run at the Hantord Plant,
carried cut at the joint request of tne Los nlamos and Metallurgicul lLuboratories,
in which roughly 20 milligrums were turned cut. .

The result of measurements on the scattering cross sections and uactual
albecoes of rany subatancea; c;mbined with consideraticnas of avallability,

mechanical prcperties, and ease of favricaticn finaliiy led to the selecticn of

tungsten carblide and ratural urenium metal a9 the rost promising nossibilitiea,
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Photc—-neutron sources such as yttriuo-8u—beryllium, and later, antirony-12i-
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beryllium were also used as wono-energetic neutren gources. Tne enersy of the
nevtrons frum the cyclcetron produced rttriup is about 200 kev, and of thcse
from tne untincny gource, which c&n ve produced from the ex-ess neutrons in a
chain reszctor, is 1l kev, With such sources, which-inciuced radiuce—ganra-
ceryliium with its neutron groups at 510 and 125 kev, isciated voints cn ttie
cross-secticn vs energy ~urves were cbtained,

Considerablie effurt was expended i1 the cnearch for a neutron source which
wculd not bde rono-energetic, but werld repreduce t!e neutron energy distributicn
of the fi.sicn spectrum. The appruach to such a fucsisile which waa used at os-
Alamcs was pclonium—alpha—EFj_source, zade by plating polonium on a foll and
placing ig in boron trifiuoride gas at 14 atmospherea pressure, .\ polonium-
alpha-coron source has a maxirum neutron energy of 6 Mev and a maximum of tle
distribution at 3.1 Mev, which i3 tco high to represent the fission spectrum, The
additicn of fluorine us a target for the polonium alpha purticles brings the ave-
rage neutron energy dcwn closer to the fission spectrum value, The source was
used counsiderably in the critical-mass proprac.

In order to measure the number of neutrons enitted from source; of various
energies, or from sourcea not havihg unilorm energy, such a8 fission, a special
counter was deveioped whoée dcﬁgction efficiency was independent of'heutron energy
over a.conaidcriblo range (from & few kev to 2 Mev). This was accomplished by pia-
cing a s.ow-neutron detector along the axis of a narafrfin cyiinder., One metiod of
voerifyiing that the response of the device wus inaependent of energy was to deter-
mine its counting rate for neutrons generated by a polonium~alpha-beryilium source
and then to'aurrcund the source with ; very Light-walled spherical vessel filled
with heavy water. *ThLis slowed down the average neutron without any absorption.
The response of the counter was found nearly unchanged,

The werk of the theoreticil group in connection with the differential rmeasure-

ment program for critic.l-mass estimaticn wes to give tre rost carerul criticcl aval-




ys8is and interpr-tavion ¢f the experitental results anc to devise ncre ;csurate
‘methods of coaiculaticn of Lhe critic.i mass from the cross sections und albecoes
obscrved. The elementary ti.eory us presented in this volime was entirely super—
seded, as c.n te s=en from Volume o cf *the Technical Series. The 'ack of unifcrmity
in tre neutren enersy in the bomb was treated by introduction of 4 two—proup und
later a four-group theory in which neutron groups o! dilferent enerpgivs were post-
ulated.

3y December .9:4u, uefére any critical ngsembiies had actually veen mile,
the "differential” measurements and theory huad led to the rnllowing predictiuns

Critical Masses in Spherical Gecuetry
Z3timated from "Differentilsl” Experirent.s

Core Reflector , Critical Mass € cre
Kg
Plutonium metal None A 1.5

density 1.6

" ' . tungsten carbide 3.9
9" O D
" natural uranium ) 4.2
metal, 9" O D
72% U-235, 28 & none A 111
U-238, metallic
" tungsten carnide 3.5
" C D
" natural uranium 32

) ' - wetal, 9" 0D ' .
The accﬁracy of these estluates ruy be obtal ned from compurison with the
actual resuits quoted in the next chapter. .lso, the critical mass was estimited
to vary inversely as the 1.8 power of the conrcentratica of U-235 in tne inc.mpletely

separated uranium.

Figure 3 shows an ear.y c»gainzation cno-m Yor tle 108 .lanmos Laterss*ory,
aeut June 1943, The emphasiz on the (r et e 2nt s in nhe dufieTen Lo
L som
v



crizical criticai nass orogram is cleuarsy indicated.

1,2=3 The Intesral “‘erlicd of Finding Critical Masses

(1  Reascns for uvcing the active sukstances in metallic furr, and tie

4

impcrrance of retallurey,

fecause of tne greet ¢ilficulty und expense ¢f vrepiration ~f the c-ive

stistances =235 and Pu~23G, it seemed ctvicus that +ley should be used in such

a form s< to give tie lowest critical nezs, Later it was found that tre irmpuc=ic
methcd Mecessitul.d ~ualificaticn of o statement as simple w3 the foreveing, but
if uitered scmewhat to fit this case, it remains true. In e uaticn (27) for the

criticuil tass the density appears enplicity btut also in: iicitly since L is in-
versely ;GCortioﬁal tc‘/D as seen f{rcm equaticn (48). Thus the elementary tieory
predicté that the critical muss varies inversely as phé square of the density.

This result remains gtrictly true in the more exact treatlent, and it is als trie
for an active core encased in & reflector if both core and retlector densities

are aitered by the same faltcr. More eiauvcrate ca.culations show that the deperd-
ence on sepurate -hanges of core and reilector densities is rcughly

-l.a .0 ,
L~A /’r ' ' ik

The greatest concertraticn of nuciel per cubic centimeter is attainec in
the metailic fcrms of the wctive caterials, sc¢ thut from the very beginning it vus
clear that the metallurgy of uranium and plutenium needed development at lLos
Alamos. another reason is that the gun mevliod of .roducing hypercriticality, which
wiil be elabourated upcn later, required materials which couid stand the accesera-
tions without btreakinz, <nd viich couid be nachined, or otherwise fubricated, tc

trie cicse tolerances dewcrded in & fun.

Fomtunately, ir nise oofe of =000, e pmetaaaun,y covad ce ntlaied ln anvance
soshe e e el e n, Counelders e v v s e dore 0 Tt ne nyl-
.
- 1 - .o ] ' -




Figure 3

Organjzation Chart for the
los Alamos laboratory about
June 1943,
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was to be used in the thermal chain reactors. The Los liumcs metal_urgists were
able tc avail themseives of this information and add to it,

In the case of plutonium, the metallurgy was completely unkrcown at the vegin-
ning of the Laboratcry., In the absencec of yuantities sulficilent for study, it had
to be assumed that it would behave like uranium. This assunption, as fuliy an—
ticipated, was yuite far from the truth. The melting point is much lower, and the
surprising mumber of allotropic mocdifications with unusual thercual expansion co-
efficients are distinctive properties,

Uranium and plutonium are both such electropoasitive eliements that reduction
" to the metal is a chemical nroblem of considerabie importance. It is complicated
by the highly refractive nature of their oxides, which do nct melt in the reducticn
process, so that if they are. used, globules of.mbtal‘resu;t which are covered on
the outside with oxide particles And refuse to coalesce into a popl ‘'of liquid. The
preparation of uranium mat#l'ﬁ!;roductfon of uranium tetrafiuoride with calcium or
magnesium had been ceveloped on a small industrial scale by the time Laboratory
pegan Operationi, and it wus h&p&d:that a similar reuu?tion would be essyective for
plutonium, Nevert.heleci, in 'thé t'a.osence ot‘-the 1real evic.ence, it was clear that
preparatioas nust bo mada. for'tho-;tudy of various methoda ol reduction of plutonium,
which meant a conoidorzhln chenical program, and & ;aboratory with diversified
chemical and ntallurgical equipnunt.. _

The problem of the- dtnaity of -plutonium metal proved t.o be a diryricult one
to unravel. In the early fall of.l?LB, when oniy micrugram amounts of reduced
plutonium were availuble, attenpts.were made to get tne density by means of tre
X-ray diffraction pattern., This work was done at the Matsilurgical laboratory on
the the initiative of the iLos Alamos group. The :irat dittracticn patterns which

could have been metallic were siiown by anaiogy with oxides ol uranium and cerium
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to te due to an oxide of plutunium. Ctrer ciifracti.n patterns were tod complex
to be readily interprered. In the rweuntime, experiments on the dausity cf the

¢
Getal by a direct aisplacenent methcu were undertaken in which a tiny »liobuie cf
the metal moved the meniscus o & .ifuicd in a capillary tube. These
measurerents indicated densities cf .3 o 19. .~ reiiacce densivy was not out.inen
for tie form stuabiv ot room temperature wubil gran amownts were availarie when i
was estavuiished -hat the o-calied alpha phuse has o dennily of (5.0,

Plutoninum is remarkable for ihe nunbur of its aliotropic modificaticns ang

their peculiar vroperitezs. The «lpha phase, which is stable up to about 1.6 , has

‘a crysta: structure not yet ueca.pheruuv.e and a density of acout 19,0, There are

-~ » . . ’ o
“beta and yanma phases stabie in the repion sunove the alpha phase and below 30 C,

The celta phase, which preved “o De ot great inturcest in thebimplonion Qomb, is
stible avove approaximately BUbC, out nay be p;oduccd in the super-cooled state it
a few stomic :er cernt of auminum or ;;aliium is added to moiten plutonium before
solidification. Metaliurgical studies of this type proved to be ér the greatest
importance in the development of the Loa Alaros program.

ancther problem indicgﬂed by ﬁﬂe uce of the uctive materials in netaliic
form is that of protection augihsc corrosion. Both metals oxidize rapidly under
atmospheric condipions, and the oxide does not form a protéctive coat, but flakes

off, exposing more retal. The hecgssity of stcring the.metallic U-235 before use
‘ _ “ : T

necessitsted some corrosicn protection. In the case of plutonium, an added reason

for coating is the intense sipha activity which creates a physiologica} hazard 1if

the tare metal is Lundled.- Preparutions were mace for attempts to cost the metals

by electrolysis, sputtering, evaporation, e“c., of »rotective films.

The main checizal effsrt on piutonium, however, was the attempt te find methods




of rurifying it such that the metal cculd be prepared free from traces of the light
elementa, as discussed later,

(2) Freparation cf 8 site for criticei-mase determinations, ard determina-
tion cf the critical mase in aqueoue solution. _

Frevicus to the establishment of the lLaboratory, only one clain reactor had
been trought to critical size, mamely, the first graphite-\;nnium pile at Chicago.
The persone who had acquired this experience could not be transferred to Los
Alsmos because they were naed;d to help design the pilot air-coeled pile at the
Clinton Labofatories and to move the Chicago pile to the new laboratcry at the
Argonne Foreet site. In order to obtain experiance in reaching the critical com=
dition at los Alamoa, it was decided to bring to criticality an aquecus sclutiocn
of a salt of U-235, A committment was obtained from Gemerzl Groves to supply
several hundred grems of alphg-afage material from the Y-1l2 plant for this purpose.
In this the fraction by weight .of U-235 was about 15 per cent, Calculaticns
indicated that criticality would be attained in a spherical vessel of 14 liters
capacity containing 3.9 k:llogru'u' of elpha-etage- material (Ue235 content 14 per
cent), with a beryllium oxide ..rcfloctor.

A site called o-.p-'-'-?"uhetoa in Los Alamas Canyon for the criticele
auenbly teats, If propol' muutiona are rot takem or accidents occur in the
auenbling of tho raactor, ﬁn o'peration say be hazardous, with danger of an exe
- plosion, or at lnat, gt ln -u-m: of a dangerous dese of mtrou,
gemma and boh rays. Chqn -l Ioeated far enough frem the main hbontory and
the residential area so t.hlt an tccident would not affeect thooo localitiea, and
within Omega itself apo_c:lal‘ cancrete shielding walls p_rot.octcd cpontors from
radiations of the mter p‘.tlo.-‘”In- order to cbtain experiemce ;1n reaching criticality
at the earljest possible dats,.the first enriched water pile or "Lobe" Figure 4
was not deesigned for operation‘ at 'powetl'. Iater a more eh-bomte "water boiler”

Figure 5 was juilt for use as a neutron source ard cooled 8o that up to 6 kilo-matts

could be dissipated, , m



- Figure 4

First Enriched Water Pile

or "Lobo"
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Figure 5 )
Second Enriched Mater Pile or "Bater Boiler®,
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(3) Integral experiments on the critical masses of uranium 235 and plu-

- -

tonium 239,
The gross features cf the behavior of a set of spheres of active raterial with in-

creasing radii is given by a study of equation (28), considered as a runction of

R, numely
2
M(R) = q R R sin ( #~ r/R. )
——a e - : -1 (5C)
D r sin (7T R/R )

which has b.en derived for the case of a source uniformly distributed through tre
volume. For sources of other geometry, such as &« point socurce at the center, thre
neutron distributions at low values of R/Rc, where there is little muitiplication,
would be altered, but near criticaiity all but traces. of the uriginal source dis-
tribution would have disappeared. .Some tilustrative curvés.are shown in Figure &
| The first critical assembiles in solid form were mage:ualng uixtures of
U=235 and hydrogen. The amount-of .U=235 needed to reach. criticality in a hydride
gadget with a reflector is rbigﬁ;y s kiiograma depending on various fﬁctors such
as the atoudc per cemt of hydrbgiﬁ,‘iha ﬁurity of the U-235, th; density of the
zixture, and the reflector, Tﬁelo amounts were availablo in the fall of 1944, and

-to- .

the critical aasenblieu were. ceastructed st Cmega ait.c. (l.)
. -"?E‘ . ) »

) P
See also Chaptor lll“bqnet!oh 2. Co : .
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In Octobcr-lﬁak. th‘ firat a-l-mendl mult*plicdtion axperiments were made
on U=235. apherou, split aldng the diumetral plane, and with a central cavity
Tor the insertion of a noutrdn source, were constructed in 1.5, 2.0,-and 2,5-
inch diumeters ; They weré wade Sf ﬁenul;ic U=235 acout 72 per cent pure. This
amount was clearly so far below critical that no hazard wes involved and the
cultiplication Waﬁ me.sured ir the main laboratory.  In one type of measurement the

mock fission source was piuced at a certain distance {rom one of the special con-
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Coneentntina cr Distribution of Neutrons
‘at Various Valuea of R/Re.
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two metal heuispheres were piuced around the so.rce (4 smail cavity for it :rad
been ieft in the center; anc the count t:d(én again. The ratio ol the two counts,
with appropriate correction, was the multipiicaticn factor,

In another type of experilent an altempt was muGe te (usarve sirech.;
volume integral of the neutron fiux in the .spheres. a thin U= 0235 toil was pluced
in the diametral plaue uncd inert masks pluced over it so that the area expcsed %
any radius was proortional to that radius squared. The fission fragments emitted
from this foil and ;assing turough the rusk apertures were coilected cn celliophane
foils, where activity wus subsequently zeasured. Suitable calibraticn of the foils
gave the actual aumber of fissions which he.d taken pl.ce throughout the spheres.
This mstnod was carried through on the 2.0‘an,d 2.5- inch spheres.

_ The fission man free path for a mst neu' ron in e t.a...-lc =235 (about 15
contimt.ers) is much great.er tha.n t.he radii or these small sphieres, 3o that an
olemntary theox:y o! mlt.iplication was su.ffic:.ent. in v-h{ch it was assumed that

t.ho Iraction ot tha uriginal ueut.rons whlch mde one fi,sion in the mass before

empi.ng m a.lmdy s-lls x‘hi. axpcrimqt.gl values did not. indicate any signi-

. H Ay .
tican't. doparturo tmn thnului)st.ions basutf on t.he din emtid. constants, but
- .; o -fzu. w £
t,hq ware 1nunsitfn '\n}nﬁuﬁutiona of the n-ut.ron spect.-un L‘hich in larger
sl 4,. Sigge o .
lp!lu'ca m‘nwﬁ intlts&ii: scattering, and of" courso t.hey did not in-
' AR RO ‘ .

. ,‘. .

r.-'

in april, 1965.. Durin; Pebruary and March, metsl spheres 3,5 and 4.5 inches in

diameter were tested for»multiplicm.lon, with und without reflectors o1 tungsten

carbide and natural uranium metal, 1-;:cperiménts» were al so done on the distribution
of neutron concentration in the active cores of these assembliies and out into the
reflector surrounding them, For this purpcse swall channels were Left thrcugh
which ionizat.ion ,Chambers couid be inserted. Fission detectors of U-238, =235

and Np-237 were ..so used in these ctanneis to examnine the energy ol the neut:it

mm
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at various radii, 1In one type of measurcment thermal neutrons trom the power ]
water boiler in Omega were introduced into the center of the sphere through a
channel .ined with cudmium and caused fission in a button of U-235 which formed
one plate of a fi.sicn-counting chumber. This served as a neutron source, the
output of which couid oe accuratei.y counted. .~ second u-239 chauber explored
the radial channel and g:.ve the tutal number of rissions produced throughout tiie
volume, and thus the mu;tlplic?tion. The results of all the experiments incicauted
that a sphere of 75 per cent pure 1i~235 of diameter‘5.2 inches and total naas
22 kilograms would be criticzl in an inrinite tungsten carbide reflector. |
The actual attainment of criticality was accomplished by stacking Sars and
cubés of U-235 metal having a cross section A x ; inch. Pseudo~epheres were con—
structed of these cubes aAd enclosed in reflectors of tungsten carbide and uranium
metal., By combination of Equation (20) and the time dependent part of (25), we

get for the dominant term (n = 1),

-1 (1-F (51)

C

RT-

which stows that as R—-’R -the period of response can become very long compared

to & , the mean life boforn capture. Furthermore, the mathmtical treatment
we huve given negleetl the delayed neutrons which have the effect of increasing
the o—fcldin%‘tilﬁ nsar 13; eritical condition. In.the final cxporimonte ceriods
of 5 to 1C scenlds'wlru obaerved Under such circumstances no external source of
neutrons is nnceaaany becauso oft the great muitiplication. Duriﬂg APril 1945
criticality cf metallic U=235 was attained under scveral circumstances which lead

to the follcwing resulta for the critical musses of 75 per cent U=235 at density 18,

Reflector Critical lass
Kg
Tungsten carbide 25.6 .
Metallic uranium 28, 0 !
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Expressions have previously been given (pp 21 )} for the deperdence on purity
and core «nd reflector censity.

Because of the adoptioh of the implcsion methed of activating the pilutonium
bomb, the exuct deterrdnaticn of the critical muss under actual bomb conditions
was very important, It wes less'ao in the gun method of assembi:¥, where two sub-
critical musses were shot togetlier, For the inpicsicn method, it was desirabie
to get as much active meterial in as possibie, but the canpger trat hypercrivticality
right accizentally be attained tefore use nust bLe safely avolded., It was ceciced
that a neutren ulitiplication of about 4C should.be attained in a mock-up o! tre
implosion bomb before the amount of plutqnium could be consicdered adequate.

Another actifity of the Laboretory cicsely connected with the program cf
finding the criticul naases-was tﬂe so-cailed quantity control, This procedure .
was necessary in order‘to maks sure ihat noné of the uctive materials were lcst at
any of the many atagesvin thpir fubriC¢t*on, but it was aleo vita;ly necessary to

prevent the accidoneal ua-bly o{ a hypercntiwl muss nt any. time in the fabrica-

tion procedurea. Tﬁo oxten in the t.andm or nehinists and other -

employees whao cq.dd o , R :od to be cont.mua..ly camcioua of thc peculiu- be-

thiOP of the 'étffﬁy“ ’ i iﬁ respect to criticat.lltu. 'An elaborate

."as devised 30 nhat thira:nunt of active mntcrial

. ‘I‘
" .

systen of inspec
"-b.luk the critical:‘init. Thovcughgoing pro—

atlons so that in cuse of acc1dent to 4 con~

o

: ‘S,
i g

taining vesao'?ﬁffj 'could alwuys be recovorad..

The progran ef~int;§£§iﬂbna§urements to determing';he critical mass of
P%-239 began in Januar&‘l9h5, with the rmeasurement of the ;ultiplication of a (,90~
inch plutonium sphere made froﬁ material sup iied Ly the Clinton pile. The tech-
niques used were the same =s with the sma 1l U-<35 spheres, The piutonium of the
sphere was in its alpha phase, presuwed o be stabie at roum temperature, aud

naving a density of 19,5, Encugh Hanrord materisl had arrived _ 15,0, 4945 tO

Vi

a0

«
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tegin the casting-and pressing of a 2.U-inch-diameter plutonium sphere. Here
trcuble was encountered in that rerigpheres with good diametral planes were foun
very dirficult to sake in the alpha phase. This phase is hard coupared tc the

reta phase, which is stav.e in a ranige above 13800 and much more dense, involiing

a vo.ume contracticn of approximateiy 1O per cent. 'Ln pressing and cocliing a
rherisphiere, the cuter spnericul shell transfeorms into alvha phase first, holding
tack the piunger while thre inner volume contracts and trunstforms, producing a
dished-in diametral plane, Due in part to this difficulty it was decided cn May
<4y 1945, to abundon attempts to fabricate aipha phase cores aud use ingtead the
stavilized delta phése.In expioratory investigauticns the Chemistry and Metalliurgy
Division had found that this form is much more suitable forepressing and othner
metaliurgical operations than is the alphi phase. The density is about 15.8 com-
pared to the 19,5 of the alpha phase, und hencé the critical masa i-a larger, but |
this does not resuit, in the ig;losion method of detfom-tion,,ln a decre;aed
efficiency or energy output. The deltu phase reqﬁires adaixturea .ux" other material
to stabilize it. The firat such msterial found was aluminum, but sinee aluminum
generates neui,rons through the (@ n) reaction with tho plut.’oxﬁuxﬁ alpha particles,
3 stomic per cent of .dliul ‘was actualiy used to stabhin the delta phase, -

The dolivery schcdul&;t plut.onzum from Ha'tord, with 1ta rapid rise after

May 15, l%ﬁynd;paraxé m;igniﬂcant shipnents betare this t.ime, combined
y tles tin fabrication of tie a.lpha phnse, ’ argued against a eisurel

with the di

-

approach to g cr:tt.ical siu t.rrongh a succession of sphcres, as had been poeaibla
with the U-235, E— _ o ' 1‘:_]

e ——t e e
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i The assembiy was safely subcritical - R
. g0 that the wmark could be carried out by the Experimental Physics Division in
the main Laboratary., It was eonpleted on June 16 and indicated a critical mass
 of 6.41 kilograms. . B
ﬁnu experinanta were done at Cncga site by the
gmp specializing 1:1 critic«l assemblies, \_ T o | N

R U

ot.bor critial d.tex-unauon; were: mde at variw :u-, aeh na.tht

Y

phnt, ..pd m mm under mcn a cmm mcua; Wit mrtllun wnn:oat.— .
| 13 3—% 'nrﬁcc fl intrsod in ntor, ﬁt mnﬁhn—:d"’%bc aan;bzlity
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CHAPTER 2

THE FROBLEM CF THE EFFICIENCY
Sasmuel X. Allison

2,1 ELEMENTARY TREATENT CF THE EFFICIZNCY PRCBLEM

The fact that enough of the active materials could be made available
to reach assemblies of critical size for fast neutrons during the perioa
of pfobablo duration of the war did not in itself establish the feasibility
‘of using the fast chain reaction as a bomb of military importance., It
needed to be demonstrated that significant amounts of energy, th)e equivalent
of that of thousands of tons of high explosive , could be released in the
very short time befors the breakup of the bomb., It 1s not obwious, priar to
some consideration, that this can be actually accomplished.

The rough theery which we advanced in Chapter 1 showsd that the neutron
concentrations in a n;pomiueil spherical assembly -;woat reflectar incresse

as ° . e
TR T W
By S N i
where R, is the u.} Be the initial radiue, ¢ the tims and 7 the
Y,
*time of . f13RHL" ot the neutron before uptmt. For canvenience
S FEIN

we will- mmm mtficint of ¢t in the procoding expression as .

‘One ot the- pointc of orientaticn in the discm:lnn is the realization
that about 50 generations in the fission process are required before the emrg'y
release begins to reach_thei interesting region. By 2 generetion, we mean an
increase in the number of fissions by a factor ¢, If we take the immediate

8

energy release on fission as 1,7 x 10~ electron volts (more energy, of course,

comes out later in the activity of the fission products), we find that since

R Y

AR TR LUAL




¢50 ~~ 1022 fissions, an energy release of 2.7 x 1018 ergs has taken place,
It is convenient to comsider 4 x 1010 ergs as the ensrgy release per gram
of detonated high explosive, and thus the equivalent of 70 metric tons of
T.N.T. have been liberated. The next six generations will multiply this by
a factor of 4LQOO.

The order magnitude of €& , if two or mare critical masses have been
assembled, is given by the reciprocal of the time of fligh't. of the fission
neutrons before capture. Using 2 Mev as the effective neutron energy and
1,32 x 10™24 cg? as the cross section for fission of U-235 at this energy, .

UANE

we obtain, for metallic U-235, a time o.t flight of 8 x 10"9uccnds. and an 13

— e e e e

@ of 1.2 x 108 seconds” -1
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It a spherical hyp-reritioal mass- M bogina to upmd, the. crttical condi-
tion will soon be rncbod bocnuu of loss of dmiﬁflni m cbl:l.n reaction
will stop. Equatiom (t.l), Cugur 1, can bo inurglud u mluxn.g that for
a given reactirs mml 1n the critical sphoﬂ.cﬂ. Im, tho prgdmt )y? (mase
tines donaity sqvnnds) r;ins constant. Thus 12" 19 th- dmaity of the
active nurhl nndn:;m-l conditions where the cmical mass is M, and’

the dmd‘u lt -hich -an-initially hypercriticsl mass i boconn u-iuul
T, 2

Ko K /°o : "‘ - @)

It R, is tho radius et tho mass M before the chain remction is initisted,

2

and R the radius at which the chain cesses duoe to lou of density, we have

a-no.ac{f/ -1}» -1 (3)

It is typical of an exponential increase of the type undor consideration

here that the effects of the most recent generation are more important than the

L, T .m chi __



sun of those preceding its incegtion, Thus during the 50th generaticn
1.7 x 1018 ergs are liberated, and added on to the total of 1018 liberated
at the end of the 49th. For an order of magnitude calculation we can -neghct
the fact that € becomes smaller as the mass expards, and stats that it is
the final generation which blows the bomb apart. The increase in radios is
(R=R,) and is accomplished in tize 1/@. The velocity is then &(R-Ry).
1f we call B, = R (1 +A) and treat A as small, we ocbtain

R-RBy = 2RD, (&)
so that the material velocity with which the bomb breaks up is 4 & R, A,
and the kinetic energy per gram used in the expansion is

La’rtat (5)

This is proportional to pdv wmhere p is the pressure and dv tho.nluc change,
and the total energy camtent of the material is ;toport.ioml tﬂ pn. Thue the

total energy released borort brukup 13

3. 22
+ “ Be Be™ . ~n1_¢ Re A (6)

donliw 19 p/c:a 'e B ”1'8 w7
&= l 105 Re 9.6 [ - &
i x 8x10~7 sec N IO kg
K4 71017 ergs/gm A 026 ‘s

the calculated efficiency comes out around 2 per ccn;t and everi & nadnt

Sy




improvement of the theory reduces it to the neighborhood of 1 per cent.
Even at 1 per cent, however, since 1 kilogram of fissions is eguivalent to

17,000 tons of T.N.T., an evolution of energy equivalent to that from
c‘ PR T .~!

24,000 tons of T.N.T. would result. :

o e a o o

e , DOX
- [ n(3)
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2.2 ELIMINATICN CF A SIGNIFICANT TIME DEIAY IN NEUTRON EMISSICN
AFTER FISSICN :

Equation (8), this chapter, indicates that the efficiency varies in-
versely as the square of the mean life of the neutrons, which is taken as
the mean interval between liberation of a neutron and its capture in a U=-235
nocleus. It is clear that fast neutrons must be used and the bamb construc:ed
of materials which will not moderate them, but another possible danger to the
bomb existed at the time of organization of the laboratory. This was that

7° might effectively be increased by a delay in the emission of neutrons

after fission had taken place. The existence of some 1 per cent of the neutrons
with emissions delayed beyond a half-second was already iknown in the two active
materials. If half of the esmitted neutrons were delayed by as much as 10-8
secands, thus noticeably increasing 72 , a very serious lowering of eff{-
iciency would result. In'April 1943 no experimental demmgt.ration existed
which dismissed this possibility, and its disproof was one of the first tasks
of the physicists at Los Alaxos.

An experiment was devised which depended on the fact that neutrons
delayed 108 seconds will not be emitted at the point where neutron capture
occurred if the fission fragmenis are free to move away with their velocity*
acquired from the energy release. This velocity is about l,.’2 x 109 ca/sec,
and if there should be a delay of 1078 seconds in emission, the neutrons would

be emitted 12 centimeters from the location of the nucleus before fissiop.




A proportional counter lined with paraffin to produce 'recoil ;rotcna_prm' .
fast neutrons was enclosed in a foil of U=-235 which was produced by the -
metallurgists. The assembly was placed in a larger vessel which could be
evacuated or filled with gas under pressare, thus stopping the fission freg-
ments near their point ef origim. If delays in neutron emission were of
dangerous time intervals, the neutron counting rate in the pulse chamber for

a constant fission rate in the foiIl should have been grsater with the fission
fragments stopped close to the foil than with the cuter vessel evacuated.

No significant effect was observed, showing that the time delay was at lsast
not enough to make a bomb impreeticable.

;n arder to produce fissions in the foil without at the seme time unduly
increasing the background of fast neutrons in the. pulse counter, neutronas
prodaced by the cyclotron and slowed down in graphite were used. At the bog:l.w-.
ning of the Los Alamos Laboratory it was anticipsted that s eyelotron would '
bor-quirod fern-nrprobhu sure toarininurrmmmmm ‘l‘ht
Harvard Univeraity c:clpn'm was obtained, t.runaport.-d t.o the site, and: ropidly -

put: into optut.ion, It wild bo seen in the oubaoq\-n W of the .- =
vark that un-m 'ﬁwum mde which M atfiitine T
K - “;‘_"‘)_" . _;.'.:.;?:_' E »,’:

[ Y

A thu'.l’ mm»ot 10° ca nc"l in lhidr-tll tlm of noutm “

R o lona g« mor 25,000 could be prodeced by alloming, the

fast neatiNeis tru- w qclnt.rq: to enter & pile of graphite Toughly: i the~
y.ﬂ.g,v

tora of l-?cﬁ' um tut. o an edge., The canditions -ntiaxd.-u Mngt

five feet frm t.ho entrance face. The los Alsmce hbcttory prctM grnt.];

by the extensive studies made at Columbia Uninraity and at the lhullurgiell

uboratory on the slowing-down and diffusion of neutras in grephite..

<.3 INTEGRAL EXPERIMENTS O8 THE FERIOD CF THE CHAIN REACTION IN THE
BOMB

In the first two years of the laboretery, extensive msasurements wers aads




of inslastic cross section of tamper materials, and of the energies"t't;:i-zich-:;
nsutrons are slowed down by inelastic scattering, Much of the work of the
theoretical division was devotad to the development of methods for predicting
the multiplication rate OC from these measuremsnts, and reascnably accurate
predictions could be made,

In the spring of 1945, when critical assemblies of U-235 and Pu-239 were
available for experimentation, it was possible t0 make measurements which gave
the e~folding time near criticality, and from which theoretical attempts could
be made to extrapelate to the period effective in the actual bomb, Finally at
the Ah-ogord.o test shot a measurement of the actual period in the Pu-239

bosb was made,

In the laboratory experiments near the critical conditions, the delayed neutr

and the sensitivity of the experiment to any moderated neutrons wre ec-plicat.:l.ng'

factors., The first experiments were performed on a U-235 assembly (Figure 1)
brought to critionlity in a reflector of tungauu cnrbidn. One- -thoa ‘used was

- toirndhhth-m“ﬂthabmtatmntrmfmﬂnm and

ob.m the rate of. M of the meutron intensity produced by tbnlupliation
ia] r’o: thia- axperiment ehhenh Mﬁim s

of ﬂbb.lp‘ Mmofs-u changes in the amcunt of active material
on thtdeuy pericd. Va3 atn:lied. thus M do/dN was obtained, The periods

obtained in the tungsten carbide reflector were longer than expected, but this
was attributed to a _11 number of neutrons slowed down through an unexpectedly
efficient inelastic aesttéring nochaniaa in tungsten, plus the recoil effects

in 'eirbm. Such neutrons could not be effective in the 50 generations in a
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Figure 1

Experimental 2", 24" and 33" U=235 Spheres
Used in the Integral Methed of Finding the
Critical Mass,
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highly hypercritical assembly, and the slow periocd observed near critic
was not judged to be grounds for discarding tungsten carbide as a reflector.
T A second method was to allo: the assembly to activate itself, through
neutrons generated by spontaneous fission, the (& , N ) reaction, or other-
wise, This meant essentially studying the rluctﬁations in neutron intensity
in a slightly subcritical assembly. This was carried ocut at Cmega site,
whereas the cyclotron method involved the transportation of the material to
the cyclotron bullding.
The anomalous behavior observed in the tungsten carbide reflecﬁor did
not appear when =235 or Pu-239 was encased in & uranium rt;flect.or.
At the test shot at Alamogordo air base, two methods of measuring the
period were set up. Aside from the great interest in obtaining the psriod
’ directly from an eipiéding bomb, the measurement, as were many of those done
at the test, was made in an atbempt to localize the trouble if the bomb had
-  been a failure. Ome experiment used electron multiplier tubes installed on
the tower a few feet from the bamb to trsmsmit a pulse whose increasing intensity
was driven by the growth of 7)/ -ray outpat as the chain proceeded. This pulse
doflect,ed 1;1; beam of electrons in a specially constructed tube.
In another method the burst of ‘7 -rays caused ionizatico in a gas chamber
*  with low comcueu wu and the pulse was transmitted down a special low-
impedance um to an mmogram with & very high-frequency uup. This instru-
oent WS ohuinﬂl through the collaboration of t.ho Radiatiom Ilba"atary at
¢ - Haasachusotta ‘Institute of Technology. The oacillating beam.was swept to one
side as the pulse grew in intensity. .
These experiments required cocordination o; many ph#io- of- the laborataries!
activities, such as instrumentation and fast ion chamber cunntfuction. . The
canstruction of the fast tranamission lines at the test sito;;aa iﬁ itself a

considerable undertaking.




Indications of essentially

e

the same <« were obba:lned from the elect.rm mu.lt.;pller tubes,

2.4 PREDETCHATICN IN U=-235 AND THE GUN PROGRAM

The problems presented by the possibility of predetonaticn of the tomb
were of great interest and impcrtance in the program of the Los Alamos Laboratory.
The high explosives division apd the "gadget” division of the laboratory were
entirely motivated by the demands of this problem, and additional contributions
to their solution came fraom practically every part of the organization.

By predetonation is meant the injtiation of the chain reacticn when the
"'bomb is in a slightly hypercritical configuration, but not in the configuration
which gives high efficiency. This predetonation could take place from the
appearance of a neutron in the active material during the assembly process. The
cosmic-ray _neutrona'aro mach too infrequent to ccllnpare with other sources. In
U-235 containing scme U-238, the spontaneous fissions of ‘the U-238 give rise to
" peutrons. The spontaneous fission of natursl uranium, first discovered by
Russian investigators, provided an unexpected background of neutrons in the
first expcenential graphite piles built at Coluabia University- in the 'ﬁtumpt to
' find faverable condif.im for the thermal chain reaction in natural uranium.
Tho nont.ran ﬂ'ﬁ mem fission were multiplied in the subcritical piles
until th?. c‘lf.d bo dltect.od by the activity they produced in indium foils, and
it »s dcmd tbl.t 1.7 x 10=2 peutrons per gram per second were emitted
from natursl uranium.

. It was clear that part of the problem of Los Alamos was the determination
of the s}&’:htaneoua ﬁaaioh rates of all the atamic species likely to be found
in the bomb, Preliminary experiments were undertaken at the University of

California before the establishment of the los Alamos laboratory. Fission
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detecters of nigh stebility muszt be set up in situationﬁ recote f{rom any
geutron source (cyclotrcn, pile, etc.), and counting made automatic. Suitatle
corrections and precauticns asainst effects such as the piling up of coin-
¢ident & =-particle pulses tc rission pulse height and the incidence of
cosmic-ray neutrons must be teken, A special building fer such purpcses was
censtructed on a promontery several miles fram the main laborzter:r. A prograa
of spontaneous fission measurements was kept up during the entire war period
of the laboratory.

The atomic species in the U-<Z5 tome which zight be suspected of spentanecus
fissicn were U(-23,, U=-235, and U-<38, the latter in the active materis) itself
and as 3 possibility for the reflector.

U-234 was present to the extent of O.83 per cent of the U-235 ccntent.

An upper lisit to the spontaneous fission of this material is 30 per gram per
—i

: 3\

four, or about 0.021 neutrons per gram per second using a &2 of 2.5.) -,

‘ SRR . e . q
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There seems to be a slight spontaneous fission rate of 3.6 x 104 per gram
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per second in U-235, CU~
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Many mere neutrons can come fram the (&, n) reaction in improperly puri-

Lot

fied U=235 than from the spontaneous contributions. The alpha particles in the
material furnished from Clinten are almost entirely due to the U~<3L content,
anc the specific a&ivity is 1.14 x 106 & 's per second per gragm. 4 careful
study of the cross sections of the light elements for the ( &, n) reacticn

wren the @ -pariicles are tnose fra: polenium was male at thne Jewallursical
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Element Ppm. “"‘jf;,..;‘

Be 3.1
B 12
0 3650
F 37

The Chemical and Metallurgical Divisions of the laboratory had the
responsibility of producing U-235 metal in the proper form from the uranium

tetrafluoride sent to the laboratery from the Clinten Engineer Norks, and were

DO

able to meet these talerances rather easily.
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It mas ob;_iéﬁs that a division of the labecratory must be devoted

ta ordnance work and gun design. The Crdnance Division was staffed with experts
on interior ballistics and soon acquired such standard pieces of crdnance as

a 20-millimeter anti-aircraft gun and a 3-inch smooth-tore naval gun for pre-
lizinary studies, Arfiring site was set up at Anchér Ranch, about 4 miles

south of the main laboratory. The idea of shooting both parts of the active
material together was soon abandoned tecause of simultaneity difficulties and

a special é-inch gun was constructed to fire a projectile into a stationary

p——

‘target. ‘

1 Fortunately the two parts of the active matérial could be made from

~ v e A e e

metallic uranium and shot together with confidence that the same mechanical

properties. would be exhibited by U=235. Df’i‘.‘

\ - —

—L.ﬁ. Chemistry Division of the laboratory spent cansiderable time in

)
} ey — .
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studying ths techniques of polonium deposition for this purpcse, but mainly for
the much more difficult implesion initiator. !

No serious difficulties were encountered in the gun program., By the end
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of the sumzer of 1GLL, it was clear tnat the U=-23% bomn :ould e assemc_ed

-

-
[

in this fashion, ana the main developmental effort of the laboratory was

-

fscusses on the problems cscnnected with securing a high efficiency and low

predetonation probability in 3 bomb whose active material was Fu=239,

<¢5 FUNDAMENTAL PRCPERTIES CF NUCLEI CCNNECTED WITH THE
FLUTCHIUY PRESETCNATICN PECEIEZW

70 a scientist interested in fundamental nuclear properties, the prozlems
cornectea with the prede:onation of the plutonium bomb were protably the ::st
interesting ones solved by “ne atomic bomb project. The technological inno-
vations trough forth by them were equally interesting and ranged from the
development of cerium sulfiie a3 a refractary'material for crucibles to the
invention of new high explosives of slow detonation velocity for the constiructiorn
of explosive lenses.

In the latter part of 1542 it was realized in Zngland and in this counury
that the predetonation problems ia plutonium would be very serious if only
because of the ( &, n) reaction on impurities, and doubts were expressed whether
the material could ever be used in an efficient fission bomb. The specific
alpha activity is 2.46 x 109 ¢cC-particles per gram per second, greater than
the specific @eactivity of the Clinton U-235 by a factor of 2200: Thecretical
calculations were made of the probability of the (&, n) reaction in the light-
elexent inpurities and showed that plutonium metal, made by chemical and
metallurgical processes then uninown, would have to be extraordinarily purs.

The theoretical mredictions aér;ed very well with subseguent experiments on
the ( &, n) reaction caused by polonium. These experinents have been xzentioned

e ————
previously in the discussion of the ( @, n) protlem in U=235,

e it - R RO S N - e - - -




per gram per second. This emission would be aitained if any one constituent

in the following table exceéded the limit shown.

Element Limni<—oom.
Li 1.3
Be C.051
B 0.20
0 7
F 1.7

Realization of the severity of these limits initiated an extensive gregram
in metallurgy,‘analytical and inorganic chemistry, and special refractories.
The analytical work was divided between the Los Alamos Project and the Metal-
lurgical laboratery, with a consultant assigned to the task of maintaining
li;ison. Since beryllium and even oxygen, calcium, and ﬁagnesium would have
to be avoided in the crucibles used for casting the mstal; sach refractories
as cerium and molybdenum sulfides and uranium nitride were investigated under
subcontracts at outlying universities, and many cerium sulfide crucibles were
produced, Analytical methods were intensively studied in the effort to detect
such small concentrations of impurities, and uranium or iron was used as :
substitute for plutonium. Special difficulty was found in obtaining a suffi-
ciently sensitive test for fluorine. Nevertheless by early summer of 1944
enough wark had been done to indicate that the purity goals set could probably
be attained. However, due to developments described below, the ultra-high
purity program was dropped and the purity restrictions greatly- relaxed.

‘In the summer of 1943 at L&a Alamos, studies of the absorption of thermal
and slow neutrons by fissionable atomic species were Begun without a highly
specific objective in mind, but on the sound basis that more fundamental inform-
ation about the fission process had a high probability of being useful. To

obtain mono-energetic neutrons the ion source in the cyclotron was mpdulated
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so that the emission of neutrons frcm the target was intermittent. Time-

delay circuits activated the neutron detectors, which were placed a few meters
away and thus recorded neutrons having a known timne of fiight and thus a known
velocity. In this way the cross section for fission of U~235 was measured in
the neutron energy interval from 0.0l electron volt to 1000 electron volts
with a varying limit of resclution which was about J.16 electron volt at

1 electron volt energy. One purpose of the work was to find out how closely
the 1/v law of variation of absorption cross section represented the facts for
U-235 in this region, and very interesting deviations were at once discovered.
In fact, there are resonances of surprising sharpness in the energy dependence
of the cross section of U-235 leading to fission. A prominent one lies at

1.1 electroa volt energy and has a width at half maximum of about 0.2 electron
valt. Accarding to the uncertainty principle this means that the fission
process has a characteristic time interval of about lQ'lL seconds. This in-
dicates that there is sufficient time for a competitive process, namely, the
release of the energy of capture in the form of a gamma-ray and the formation
of U-236, to take place. A search for positive evidence of the formation of
this nucleus began at once, also new sets of measurements designed to detect
the difference between the capture cross section for the formation of U-236 and
the capture cross ao.gianfor fission were undertaken., The fifst actaipts to
detect U-23§:-'r¢ nld;%57'irradiating U-235 in the most intense neutron flux
available at the Clinton pile and trying to detect long range & -particles

or other iﬁduced rediocactivity., This gave inconclusive results but U=236 has
finally definitely been detected through mass spectrography in U-235 irradiated
at Hanford. The ratio of the cross section for its formation to that for fis=
sion is called & and is 0.18 for thermal neutrons.

Speculation immediately arose as to whether a similAr phenomenon occurs

in the interaction of thermal neutrons wita Fu-239, 7 it dces, -learly
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the pile produced maierial will contain Pu-laJd. Investigaticna aith the
modulated cyclotron soon disclosed resonances similar to those observed in
- ' U-235, with a very large and pracinent one at 0.13 electron volt. Experizents
on the absorption cross section for fission compared to thne total absorption
cross section indicated an & of 0,49 in the thermal region.
The formation of Pu-<3% and Fu-240 from U-<38 placed in a bath of "pile“
or essentially thermal neutrons can be described by the followinz differential

eguations.

d¥)/dt = k - A1 N (9)
dy/dt = a@A/(l +a) = Ag Ny (10)
Ny = number of nuclei of Pu=-23%9 per nucleus of U-238.
No = nuier of nuclei of Pu-2L0 per nucleus of U-238.
k = nvo~(U=-238), the flux times the radiative espture cross section
of U-238.
A = nv 0% (Pu=239), where Of represents the total absarption of Pu=239.

P = nv O%(Pu-2.0), where OF represents the total absorption of Pu-240.
and < has the meaning previously given. The equations take account of the
possibility that Pu-240 may be destroyed as well as created by the neutron flux.
It is convenient to express the postulated absorption by Pu=240 as a fraction
of the absorption by Pu=-239 and solve for special cases in addition to the
" general one. Thus let
A, - x N (11)

) then we have, in general
) No/Ny = < [1 1 - =X AL . X Ab _ ot Ayt
x
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x 2 0 Ny/N| = __ & At -1 (L)
lyx 1-e A _

Experience has shown that equation (14) gives a result sufficiently close to

the findings, and thus it is indicated that the thermal neutron absorption
coefficient of Pu=240 is small compared to that of Pu-239. If nvt&l, equation
(14) reduces to

number of Pu=240 nuclei  _ < . { _ oo
number of Fu-239 nuclel ] g > nvo.(U-239) ¢ (15)

This means that the concent.;ation of Pu<24C in FM1«239 increases as nvt. Tha:
is, the small amounts of Pu-239 which were produced at a very low nvt by
cyclotron neutrons moderated and captured in uramyl nitrate will be very low
in Pu-2,0/Pu~229 ratle, Clinton naterisl will be higher, and Hanford §1utonsm £
urenium irradiated for 100 days at fluxes of the order of 1013 will be rela-
tively rich in Pu=240. In sssaying the output of the Hanfead plamt;, a rough. »
measure of the time integral of the neutron flux to which the uranium has been
subjected is the concentration of plutonium in the uranium at the time of chen-
ical separstion, which in the preceding equations we have called Ny. This
concentretion was -up_pro& at Hanford and repeatsd with each shipment. Tv an

approximation canptublc«.-ith equation (15), we have N; = nverz{U=238)t and thus

‘z; »J;*a, oe(U-239) . b : (16)
,@f (_A_ +x) o, (U-238)

The coeffteiut of -}. fn ‘ctual mactice is influoneod aacng other t.hings by
the ncnmifor-itar ot ﬁl £1ux throughout the pilc. By mu—opoctroacopic
analysis and anothor n.t,nod mentioned below, the following exipirical expression

was obtained, analogous to equaticn (16).
(parts per million Pu=240 in Pu=239) = (parts per million Pu in U)*76 (17)

The concentrations of Pu in U at which Hanford separations took place variec

Ay




from 26.5 ppm in May 1945 to about 250 ppm by September 1945, so trat banchés“
of the extracted material contained from 0.2 per cent to 1.9 per cent Fu-240,

During the period July 1943 to July 194i, experiments by the physics
group on the spontaneous fission of plutonium samples were underway. The first
samples were of cyclotron-produced material and showed a small specific fission
count of Q.01 fissions per gram per second. When material from the Clinton
pile became available, it was inserted into the apparatus and showed a much
greater specific activity of 0.05. a sample of plutoniur was then irradiated
in the Clinton pile and the specific fission activity jumped to O.4L per gram
per second. From the expected variation in Pu-ZL0 content as discussed above,
it was clear that it should be suspected of a very high spontaneous fissian
rate and of causing the effect., By July 1944, the cross sections of equation (15)
and (16) were well-enough known to show that the increase in spontaneous fis-
sion activity was actually proportional to the calculated increase in.Pu-240
content. The specific spontaneous fission activity of Pu-ZbOIwas found to be
450 per gram per second. L

The neutron emission from this spontaneous flssion groatl; transcends the
limit of 0.05 neutrons per gram per second which it was hoped to attain through
chemical purification, since if the number of neutrons per fission is about :
2.5, 21.4 will be emitted per graiheecond, in material containind 1,9 per cent
Pu-240, This result led to ma jor changes in policy of the Los Alamos projec;t,
one of which was the abandonment in July 1944 of the vigorous program on
plutonium purification. New and greatly relaxed chemical specifications were
set so as to limit the (&L, n) emission to 10 per cent of the spontaneocus
neutrans. The table of impurities for this, which should be compared to that

previously given, is

= —~
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Element  ppm_to produce 10 ver cent cf spontanecus ::e‘u'.rons
11 120
Be ~ L2
B 17
C 5100
F 52

These limits are relatively easy to realize, and thus no aiffi-ult
purification problem remained.

Plutorium arrived from the Hanford plant in the form of Pu(NC3),,, in
concentrated aqueous solution. Specizlly constructed containers permitted
discharge of the contente into purification trains set up at los Alamos, where
the nitrate was transformed into the tetrafluoride, and the reduction to metal
carried out with calcium. In the late winter of 1944-45, after a fire had
endangered the project by partially destroying one of the shops, it was realized
that a fire-proof processing plant wculd have to be built for plutonium and
polenium work. Flans were rapidly drawn up, and such a plant was constructed
on a projection of the mesa to the eastward, at a distance of two to three miles
from the main laboraiory. The plant was ready to operate just at the time of
the close of the war against Japan, and was given the code nage "DP Site".
Elaborate vent.i.latiq.ggi‘:;i;ued the danger of inhaling dusts containing either
plutonium or poloniu;}

A sec@&,conaqquenca of the unavoidable high neutron emission was the
abandonzent of the gun ‘method of assembly as a possibtility for the plutonium

bomb, and concentration of all effort for this bomb on the implosion method.

2,6 _THE TMPLOSION METHCD CF FRCDUCIHC HYPZRCRITICALITY
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fragments of a metal in contact with a detonating high explosive, Neddermeyer

suggested that high explosive be used to initiate an "implcsion®; for instance
a metal spherical shell, covered on the outside by high explosive, c;':u.ld be
blown inward, forming the outer coating of & soiid metallic sphere already in
place at the center. Assembly tizes of the order of the thicimess divided by
the velocity, or, for a one centimeter 'coati.ng, of a few microseconds, could
be hoped for.
The most elementary calculations, neglecting the compressibility of the

het.allic material, showed that very high pressures could be obtained {rom a
| spherical shell collapsing at high velocity. 3ince the area across which
material in radial motion is trensported decreases as the square of the radius,
the radial velocity in the shell muat increase as 1/1'2. In order to produce
this repidly increasing wvelocity, the inner parts of ;ho shell are subject to
“high accelerat.ic'm, lw means high pressure. Pressures of the order of millions
of atmospheres are. wodneod in the final stages of collapse, and it is clear

that a ctlcnhum“ treats the material as incampressible is a poor approx-

MOd;fnugt to be gained by the compression was soon realized., Our
raugh oqu.l-tid:a have shown us that for a uniform compression the critical mass
varies inversely as the square of the density, so that hype_rcriticalit.y can be
produced in a stb-crit.ical,sphero by campressing it. But in addition, it can
be shown that the deviations from uniformity in the coapression are in such a
direction as to increase the hypercriticality beyond that to be expected from

the average compression. If a change in the reactivity of part of the material

ShoRTr
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is produced, i.e. by compression, the effect of this change on the overall
reactivity and the critical asss is greatest if this change occurs in a region
of high neutron flux, suck as the center of the bamb. This is exactly where
the high compression occurs, which is a further advantage of the implosion
method. |

The rewards of a successaful technological develomment of implosion to
produce hypercriticality were so clearly foreseen that work on a modest scale
was begun at Los Alamos in the late spring of 1943. The first experiments were
done in cylindrical symmetry, with a cozting of high explosive around a
cyl;ndrical metal pipe. This involved the casting of high explosives and in
the early days the Ordnance Division set up a smsll casting plant for shaped-
charge production at the Anchor Ranch Site. Because of its high detonaticn
velocity and consequently large impulse given to the metal liner, Composition B
of RDX and INT was used. The detcnation was usually initiated at one point
through a Primacord fuse. These early experiments showed that cylinders could
be cocllapsed to solid rods and gave considerzble promise. Methods of obaervihg
various stages in the implosion were developed during this pericd, with help
from British aciontuu lsaigned to the project. Flash photography, using the
light oxcit,od in nr;a fz'u detanating high explosive, was used, also rotating
prism cameras. D.it&op-;at work was begun on a flash X-ray method, in which
an I-ray pnlu of &!;ordu' of a microsecond in duration was to be passed through
the implndin;’natoritl. The stage reached by the implosion at this moment was
to be rocerdOd by thq;r'npanao of a bank of Geiger counter tubes placgd in a
plane at right angles to the directicn of preopagation of the X-ray pulse. Such
a technique would be limited to assemblies one or two inches in thickness.

During the progress of these investigations, it began to be realized by
the theoretical physicists that attainment of hypercriticality by compression

alorie might be a relatively easy, although not the most efficient, implosicu
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method. HKere the pressure produced would merely increase the density of a
solid sphere, which'under‘ normal conditions was just subcritical., One advantage
of this method seemed to be . trat it was relatively insensitive to the varitions
from sprerical symmetry in the collapsing detonation wave., As will be ela-
borgted later, in the implosion of hoilow metal liners, centrally dir_ect.ed
jets had been observed which apparently fermed at the points where detonation
waves from differ;ent initiation pcints would be expected to meet. These jeis
wouid certainly be harmful to an efficient implosion, one bad feature being
the likelihood of carrying reflectcr materiél‘into the center of the active
material of the bomb In a completely solid core such jet action seemed un-
1ikely, except in radially directed flaws or cracks in the assembled material,
A somewhat undesirable feature of the solid implosion was seen to be the re-
latively short time through which hypercriticality existed. For efficient
performance, it was necesdary to be certain that during the maximum of the
hypercriticality sufficient neutrons would be present to insure inception of
the chain reaction. This led to the development of the inploaim initiator,
&8lso discussed hur. )

Throughout t.h. dﬁoiop-nt of the implosion progmn, t.hc activities of
the mooret.ial dirtsm, and specially of its calculating group, were of

".,‘ 4*1.*.‘»

eaaential u: the help of British theoretical physicista, vigorous

s ~aw
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efforts Ill:tsndo to: mdict and understand the properties of matter under the

. -=..-

,vt ;

extreme mditim ot t.ho inploaion. + An equatiocn of state applicable to the
enomous pﬂasures andr-high t.tmpcrat.ures was needed for the materials used,
such as plutonium, granium, aluminum, and high exploaivo. Existing data on
the effect of hid;l ;:ri'saurea on metals were sifted, and additional work on the
cmpréssibiiity of plutonium, uranium, and uranium trihydride was undertaken
through a subcontract at Harvard University, where specimens prepared bty the

metellurgists at Los Alamcs were usec, JSuch data gave some of the constants
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for a pressure region considerably belcw implosion conditions, i.e. the

Harvard measurements extended up to 105 kilograms per square centimeter or
100,000 atrospheres. For conditions somewhat beyond the implosion regicn,

an equation of state which could ignore the details of outer electronic orbits
and use the Thomas-Fermi approximations was set up, so that estimates of the
implosion conditions could be made by interpolaticn. Also the existing
theories of the propagation of shock and detonation waves were eritically
analyzed and extended to the implosion conditicns.,

The basic relations in the hydrodynamics of the implcsion problem are
expressed in partial differential equations, and solutions of them by non-
mechanical methods would have been impossible in the time available. Fortunatsly
the Laboratory had acquired a set of International Business ﬂ#chinos, origin-
ally for calculations on roblems of neutron diffusion. Comsiderable effort
was expon&od in setting up the hydrodynamical problems in & form suitable for
calculation by these machines, 'hic:h then solved them inchu:ic&ll;. One of
the many problems thus selved was the effect of subat.itnti.ng delta~-phase
platmiu m- tlpbl-pm ntorul in the solid Mploaicn. The weat.icn d’
& higher tn-rq ont.gnt' e-n.ﬂbuud greatly to the dncisicn to use tbe low

density for-. _ _ _ _
Durin;-vm F‘!”‘“’ ﬁ);i'ﬁ'wu-December 1943, work on implosion develop-

ment pzocudtd under t.ho ordmnco Division at secondary ;riority. The gum

programs occnm tho uin interest of the laboratary. By the beginning of

- 1944, barc'nr, tha ‘theoretical advaptages of the implosion metbod had becoms

so apperent, .apd the prelixinary development work was sufficiently pramising

so that the prograa beeams recognized as one of the major ones of the Laboratory.

Ahen the full impart of the high spontaneous fission rats of Pu-2L0 was

realized in July 1944, it became fully apparent that a.successful implosion

bozk was vital if fisston bombs were to pecame of mili‘t;ary valie in the presen:
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' Consideration of a gun=

bomb of plutonium was out of the queltion due to the great possibility

predetonation resulting from the high neutrcn emission of Pu-240,

'\_\ . If a hollow implosion could be developed, consider-

ably less than one oritioal mass cculd be made hypercritical, and ‘the number
of bambe per month correspondingly increased. _

The sitwuation caused a recrganization of the laboratory in the early
fall of 1944, Aa dplbdm, or X Division, was created, using as & nusleus
-ﬂa outi.ng nnd h'm Q-u-; nrk proviqullx cend\ntcd by tht Ordnlnco
"U" Divilion wms ctubd e wrl‘.' :mtnunly oa

Division, - mo-», g Ga
..'hplozioa. The problnt of thess: dhd.im and -

six mtb. *’ ;'. :

2,7 THE WORK OF 8 AXD X DIVISIONS UP TO NARCE 1, 1948

the problem of ozporiml innnti@tion' of the implosion method and,

later, that of deeign of the imner part of an implosion bemb, was assigaed to

Koy

VL
r. Mg -

S e g
.



Figure 2

Organizaticn of the Los Alamos labora
March 19450
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G Division, in addition to its duties in connection with Laboraior} ’
'gations of slightly hypercritical assemblies, which have been previocusly
described.

It was the main assignment of X Division to develop new explosives for
implosions and to improve existing casting techniques for the preparation of
shaped chiarges.. It also supplied shaped charges for experimental work and
installed inspection methods tdr the sslection of highly perfect castings
from the production line. It developed detcnators of high reliagility, and
this problem overlapped samewhat the activities of G Division.

2.7-1 Methods of Experimental Investigation of Implosions

In the final year of the implosion method, four main experimental tech-
niques for implosien study were employed by G Division. All of these had been
suggested befar§-thc.rocnntion of the division, and preliminary werk on them
had been begun. These were:

» (1) The -ggnntic msthod, or detection of the collapse rete of a metal
sholl trc- the elsctric pulse genersted by the moticn of the netal
ina cnptrilpot‘d magnetic fleld.

(25 e Rala m“, in which an intense ndio-bariun-llnthmun source

' mphcthmm of a reduced scale boab and thodm:mtion

of m 'WM ray intensity as the inplooien proceeded,

ploaion hld bogun, and recorded in a lilaon chamber.
(4) The eleetric msthod, in which the imploding mmterial struck and
) , opermd cantacts in an electric circuit, and the times of such acticas

were recmded on an oscilloscope.
The X-ray method of investigating small implosions was abandoned after




considerable eoffort had been expended on it. i -
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© The method of I-ray detec-
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tion, usi':’xg.G'e.:i:g“er countarsm,“ uu moTe ;anplex than the photography of an
ion-cloud in a ¥ilson chamber as used in the betatron technique.

The so-called Rala method, psrhaps the most daring in that it involved
the practical use of a fission product whose recovery in other than small
activities from irradiated uranium had not yet been accomplished, actually
gave the most valusble data. Scon after the initisl successful operation of
the air cooled graphite pile at Clinton Laboratories in November 19,3, the
los Alamos Project requested that Clintan Laboratories undertake the prepara-
tion of radio-lanthanum gamma ray sources of h;lgh sﬁeciﬁc activity. The
fission yiteld of the mass 1.0 chn'n‘ in which radio~-barium and its daughter
radio-lanthanum lie is about 5.4 per cent so that they are relatively common
rissibn products. mi 1.7-dev gamma ray from the LO-day linthanm 140 is the
product desired. When the radio-lanthanum is kept in'equilibrium with its
parent, 12,5-day barium 140, the specific activity of the combination is es-

,sentially 75 millicuries per microgram, or one curie per 13 micrograms. Thus

§

{

sourcea ot thocando ot caries strength are possible in fractions of a grem,
even of iw mmm. The carrying out of this request at the Clintan
lecrlm ﬁmlnt canstruction of a special extraction or "ot" laboratory,
and ﬁ.n&lly a second such plant, using more permanent equipment designed by
chemical engineers for the dissolving of highly redicactive irradiated uraniom
slugs and the recovery of the barium fraction from the solution. Cnce tho
hurial was repared, it had to be trar;sported', heavily shielded in lead,

1200 miles te Loe Alames in a time short compared to 12.5 days. This was done




ot _../'

in special trucks driven day and night by relays of drivers.

at Llos Alamos, techniques had to be devised &y the cremists to separate
the radio-lanthanuu from the barium and intreduce it into the center of a
nock-up ¢f the implesion bom:. This had tc be accamplished without health
hazard, so tha: the services of tn¢ nealth group at Los Alamos were needed
te nonitor the cperation. Three or four sucn separations were sometimes made
from crne shipment of rauis=ouirium 3o that several impiosion tests coula te

carried cut.

T8}
R
O AUttty R
i The elementary law of absorption, neglecting scattering, for a
gaama ray source at the center of 3 homcgeneous sphere is
v I = I, exp { . NE/A} (18)
n

is the atomic coefficient for the garma rays

a
/0 the density of the spherical absorber
R the radius of the spherical absorber
N the Avogadro number-
A the atomic weight -

Intrducing l, the mass of the absorbing gaterial, we may have 0 as

the ml:-..v;;;iablo-, namely ‘
IS I exp (-4 Y2 2/3) (19)
o A L f
If the implosion increases the density uniformly to Pt

I (03 ) .3
—= e (pT - pe) (20)

Banks of ionization chambers of shart collection time were placed near

enough the, implosion test to pick up the gamma rays, but far enough so that

o avy




they were not destrcyed by the blast of the high explosive befcre the come
pression of the core was completed, The ionization current in these chambere
as a function of time was recorded oz the sweep of an oscillograph.
The dimensions of a typical Rala test of the solid implosion are shown
in Figure 3. The core of active material, destined to be plutonium in the
bomb, was simulated ty cadmium. A coniecal plug, not shown, could be pulled
out and the radiocactive matarial inserted. As an illustratiom of the coer-
dination of the wvaricus activitics of the laboratory, a Rala test shot involved
the following:
(1) Production of the Rala under subcontract at Clinton laborateries,
Tennessee.
(2) Preparation of the test site with explosion-proof shelters, etc.
(In the first Rala experiments the electrcnic spparatus was housed
in two Army tanks,)
(3) Cagti.ng and inspection of the shaped charge of high explosive by the
Exploeives Division.
(4) Preparation of radio-lantharum from tke r-dio-_-hn'riuf by the chemical
(5) Fabrication of the netal parts inside the high exploaive By the
Los Alamos shops. o |
(6) rilling and testing of four banks of icnization chambers..
(7) Calibration of the electromic circuits By thclhh group perscunel.
* (8) Menitoring t!.u site aft:r the explosion for radio-activity (done by the
Health'Group). |
The first ten Rala implosions were carried out without benefit of electrie

. e

dutout:ioa, and .wif.hout explosive lenses,
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- " In spite of the great care
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Figure 3
Typical Rala Test Assembly
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taken to ejualize :ine cistanues fram eacn detonaiix peint on tne hign ex-

rlosive %o the initia~ion point on the single Primacors, tlulﬂZ l1ifferenczes

—— e
L — [

. A ]
as large as four zicroseconds undouctedly oscurrel, !

Tre first models testea in the late fzll oF 13LL aere the 701 ltwesnell
trpe, tizeoretizally the best if a smooth implosicn cowll be attal .2i. e
oscillozuore re-ord did not shew positive eviderce :f caupresslen ol the
zzserrled mnterial,

- - [k R——
3 1 ¢

" This woulcd rake an active cere sufficiently hypercritical for

-

gcoc efficiency, previced ipitiaticn of the chain rezcticn could be

LDS.ad e
a .

Y]

=30
3t the proper instant, from this tine on, attention was rencertrated o e

-~rlil f-rlcsion as ihe most conservative desizn that would accomplish

jurpeze, 1.0, 3 wervizeahle plutornium bemb as soon 3s possible after the

necessary anount arrived at Loy alamos.
ihe first Rala shot with electric detcnators was fired on February 7, 1l3.8,

and four such shots were fired tefcre karch 1, two on SOlld 1nplcs1ons -nd ke
o \)w._.

on rollow assemblies,

e g

\

during the interval under ccnsideratisr the besairon site wasz cocpleted

and the 20-Mev tetatron irstzalled. The rulse ol gamca radiaticr, emitted wher

rterval after Jetcra-“n of the

stren oriites were enrurced it a known i
O

|
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procuced & circle cof lees icni:aticn in the center of the chamter, and the

diameter of this circle could be measired before the implosion and at & known

interval afterwarc, thus giving tre average comgreasicn, .| 385
e e e . . B L i 7
T — e ——— " —— n{ﬁ

|

The magrietic weti od, which eventually&prgved capablie of giving, in some
resrects, more detailec¢ infermaticn than any of the cthers, sas under vigorcus
develcpment durirg the interval under consideraticn.,  Attempts were made to
cocrdjnate it with the tetatrcn and Rala investigations, because it was canzble
of giving a fiducial timre pip showing exactly when motion of the metallic parts
of the core began under the impinging detonation wave. At first the circuits
for the magnetic method interfered, or appeared to interfere, with the contrcl
circuits appropriate to the main experiment, but contirued effort finally mace
the magnetic measurements a valuable auxiliary of the betatron and Rala tests.

A detailed magnetic record gives inforration on the reverberations of the

shock waves through the metallic core that cannot be obtained any other way.

-

e

‘411 these changes in the collapse velo-

e e T —

ci;;’ofﬂthe outer surfaéé.are in the magretic reccrd with the time intervals
tetween them also evident;

The electric method durirg the pericd under consideration, gave very
valuzble informaticn, essentially of & detailed or "differential" type. The

projection velccity of metal liners in contact with detonating high expleosive
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was measured fcr varicus wnickrmesses of high explosive and varicus values =f

the ratic of outer rzdjus %o inner radius of the sphericel snell of metal,
) The rate of advance of the shock wave in the varicus meials was also measured
by eckedding the pinz, cor cantezct points of the circcis, in the solid materials.
The constants thus chtained were zt once introduced inte the treoreticzl :al-
culations, so that tre theory, altrough becordng more empirical, came o
reprezent tre experizental results more andé xzcre clcsely,

Certain experimental techrijues feor investigating inplosions were 1oft
in the Zxplcsives Zivi:zion, such as flash photography of imploding cyliicders
and hemispheres, investigation ¢{ the recovered spheres after implosicn, amu
observations of the simultaneity of arrival of a detonation wave at a surface
cy means of a rotating prism cemera which swgpt the inage acrcss the photo-

graphic plate. These will te mentioned in the subsequent discussion,

2.,7-2 The Development of Explcsive lenses

By the winter of 19i3-i4, the implosion program had advanced far encugh
)\ P—— e s e e ve————— "_-“"-\/

to get into trouble,

. ‘
- e aIN

The flash protography and pin loop experiszents, together with theoretical 3(
- investigaticns, showed that the jets ziowrred at those places where aetcnation

waves froz two different detcrztiszr o2ints interactex, aud that the low velo-

city was due to the teravicr of the ‘fvers=;% .rrerinal waves 2ctually used
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scierntizts, trat a wruly ccrvergent wave frent migrt ve feormed in EN

tricish

s oI zetenatisy Laserisi L oreflrazting the wave throgrn o a Yiens' of ex-

S
%)

plcsive raving a slower Cetcpatizn velocisy, The way tris wic core is
illustrazed vy Fiswe 4, T apier rart of une fisure show: ine Huysren's

cor.struction ror a wave initiiting at O, on tne interfdace tetaeern a slow ann

a fast medium. The envelcpe cf the waves set up in the s

'aze wave travelling down <ne other sile of the —cunlary is 2 plane wawe ~szp
*he inverfice. (he lower ,are -7 tre (i re siowg tre ccenaitiun tral pakes

interfz-e pevaeen § ars tie Jescration soint is at O,
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he refracted wave X3 is always norsal to the radiuz vester /o from the fccal

fcint. Frem the ecustione fer trne center of curvature of a curve we have

_i0 - tan{ T s &) = - l/tine (I1)
RYS -
o L]
ard integration, of this gives
= P [ -o/ Y2 -1 (22)
2= o eXp / n ) (<2)

where - n oz vg/vg (23)

Equation (Z2) is the law of e lcg2ritnmic spiral, In three dimensicrs

~re shape cf the surface is a {igure of revclution abeout FC., Figure 5 shows
how such lenses of slow explosive cculd te embedded in a fast explosive zo
that a set of simultanecus detznaticns st the apices of the lenses would giv

rise to a convergirg spherical detcrn:tion wzve in trne sonerical shell of

ccnpesition B lying underreatl.
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Figure.4

Urrer figure Euyghren's Ccretruction for a Wave
Initiating at Q.

Lower figure ccndition that makes the Refracted
Wave ccriverge to a focus,
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Fron the vory Tiret, the idea of nroducing & sroott ‘tpl:gionjilth guch
ierres seemed !nlere-tl rictt, snd although neny telstrical difficulties
arreured in earrying {¢ out, and tne criegtinn of drepring the effort zsme up
mere than rce, the decisir was always to rress cr with the development, ané

lansas ware actuslly used in trne test ard combat implosior borts,

Ir crder t~ ~rke lerses, evrinsives with low Jetcnating velccitiss aere

toeded,  Not ruch effert ha? ~reviounsly Zeer nut cr this sulject, obtwricusly
e-. Low Lt seting verooite resns n rererel Towker Yrizence and destMice

vive cwar. st Tlrat, tle | v valocity <f cevtorction was citalned "y wiing

Towiers St oeyr losives such as TLT tampad o a lue densiiy, A small two lens

3yprem wns LIt using the comnenents, lerpaslticu B and tamped TNT, whiek

[}

cerprested a 1% inch Zdiameter [run sphsTé ta a Jdensity of abeut 1.3 times -

D
2

rmal, the ccmrression tedinp rezeired Y flesh X-ray photographs. Such slow
exnlosivee were too impermanent in cneracteristics for large scale and corlat
rurreses nd efforts were crde to {inc explesives with grod mechanical rrerertiec
A rnumter »f exvlosives contairing “eriun nitrate were krcwn to have tromisings
(ropert;es, notably Baratcl ceneisting of the following parts by weight:
Ba(N03)2 = 73 per c-nt,'iﬁr'- 27 per cent; 14 Baronnl,»ccnv ining Ba(NOB‘2 -

50 per cent, TNT « 3§ g‘t cent A; - 25 cer cent,

In collnbormtigﬁivifhﬁtre ux"o’iv-s Research labaratory at Briceton, a

R

a»oxploeive;, alsc, since lower Jlenaity decreases the
. - Jexrr.tx;_sin.criﬂg and aerating <l capicsives was tried, also mixtures containi:

orguni: materiuls such as Dura:z aymthetl: ragirn,
Secuuse of various Jisadvartages, susho a3 Jack of rmechanical stabllity,

iack of unifernity, d4€fiouivy of cmsiing, ets,, the completion of a satisfactor)
tarium n'trats rmixture was aventi.nlly ia'd 1:ide tn te ccnaldered in the futurs.

The stick velocity, cr detcrutlon velocity of Saratsl aloag & cyilnder witn




free surfaces was determined at Prucetcn, and proved to be 4750 meters per
secc;d, much lower than the Cemposition 5 velocity of 7800 meters per second.
The design of molas for larger lenses was a considerable job in itself,
The equations of the solid surfaces had to bte expressed in forms adequate for
machining the dies, and the zolds had to be designed so that Cocposition B
could be cast over the Baratol. The composite castings, each containing é
lens in its intericr, had to fit together and form a spherical shell. The
axis of the castings were radii of this shell, and the plane cross section

of the casting normal to this axis was a pentagon or a hexagon. These shapes

were unusual and difficult to make, and great procurement troubles ensued.
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and February of 1945. ! ‘ T
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This redesign occurred in January
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2,7-3 Development of Zlectric Jetcraiors
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experiments on jetting referred to previcusly indicated that as the expanding
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The lxrze number of detonatioan points required zeans wat tne angle kea-.zen

radii tc neighborin; points is smail. Thus in figure &, e olsianae fro-

<D

interseczion P o the liner (shcwed as a pline surlie) is smil, I tne

detonation c¢f intermediate point 33 is so lzte thaw point P stirikes tne lirner

arrives, it is the angle & tetween < «ad Zo
B{
¢ v

cefore the spherizal wave Irem O

~
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that i3 effective, cnd C, does not assist in taking the sharp corners off{ th
”

frent impinging on the lirer. f L
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g . with the nelp of a subconiract at the
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Califorria Institute of Technology, work in the "Gadget" Divisien was begun on

electric detonation in the fall <f 1344. The general idea was that the discharg
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Lkelationshir Between Shcck Wave Frents.
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of a powerful bank of condensers through a wire embedded in a primary TesLve
like FETN would initiate the detcnation, The manufacture of detonators wase,
as usual on the project, begun while development work was still underway, and
for this the procurezent services which the California Institute of Technology

had developed in connection mith previous war cantracts were of great service.

Cn February 7, 1345, the first Rala test shot with electric detcnation

was fired, and all subsezuent Rala tests were made in this way. ,.-" )
RS e e
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2.8 THE COAPUNCHER CCILITTEE AND THE FINAL STAGES CF THE
IKPICSICN FRCGRAK

If there were to be no delay in using the material,

——
!
t

ey

l‘ ot e v © ieedd
decisions had to be taken at once which would determine the final design of the

implosion bomb and allow the curtailment of exploretory programs of the

Laboratory in order to focus attention on the chosen one,.
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The follcwing questions were prczinent arong the decisions to te taxen

concerning the inmpMsion tomb.
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(3) Could an implosion indtiztor be made in time, if the 3olid
inplosion was decided upon?
(4) 'hat part of tne work could be undertzken by the Califarnisa
Institute of Technology, #hose facilities were now available?
Many conferences were held at Los alamos tc decide these questions, some
of which necessarily had to be discussed on the baszis of incomplete exgeri-
mental evidence, Finally it was decided that a soiid implosion tomb using
Saratol l2nses would be given first priority and worked on at Los Alamos. e
nen=lens progran was to be undertaken by Califo;nia Institute of Technoliou:.
The following statement of the program, as it was drawn up at that time, is of
considerable interes:.

2.8-1 Statezent of February 28, 1945

Inplosion Frogram
"Decide now that explosive lenses will be worked on at Los Alamos
primarily because we cannot take the risk of failure of the modulated
initiator development, which failure would probably be fatal to an
implosion program without legses, and also because we are canvinced
that if mixing of active material and tamper occurs due to roughness
in the implosion, such mixing will be less with lenses than without.

The California Institute of Technology will undertake the non=-lens

[P S

prograa.
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innernssy of the =wo shells zust be Barcnal te smocth .utbt roughn
hl

Imperfect timin: and lens a2sign. IZxperinzents shoull show, tefore
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Var 10, wneth=r the Zzronal pad is necessary, If no

r

the inner ciiarge can be rade of CJompoaition E.M

a few weeks after this decision had been taken, the lens program at Lus
alaiw3 nad seae such satisfactory orogress that tne attempts at Californi
Insztiwute of Technology to make & non-l2ns {ission bomb were practically atan-
don2d. frHowever, a large number of practice bombs, called "pumpkins', were

roduced for test drops and combst use in the periods between the droppinyg cf

=1

DL

fission tombs, e
e AN, > -
X

uge c¢f Baronil was dropped soon after the final program was initiated,

In arder to carry out the final iuplosion pregram, which involved coor=-

diration of many activities of the labcratcr:, the Tirecter appointed the

"Cowpuncher" Committee to supervise the prograam to its ccmpletion in the test

at .nlamogerdo Air Fase, The committee i-luded
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Gadzet Uivision lLeader
Chairman of the Technical Council
Metallurgy Jivisisn leader
Loordinater for the Alamogords Test
Te Committiee met weekly, reviewed the progress of the implosion progranm,
an? made anc rapiily revised, short range time 3schedules, The activities of
the laboratery under the sugervisicn of the Cowpuncher Committee can be listed
ahout 23 follows.
(1) rabrication of high-explosive lenses and shaped charges,
(a) uol4 design, full scale and experimental.
{b) Procurement and inspection c¢f full-size lens molds.
(=) Development of casting technigues.
(d) 1Inspection and methrods of selectiﬁg uniform castings.
(e) Construction and utilization of new buildings for :he
expansion of the high-explcsive casting plant,
(2) <Zlectric Jetonators, Boosters, and Uetonator Circuits.
(a) Wire detonators.
(b) 3park Uetonators (these were worked on 8s & promising
alternative cor imprévement of wire detonators).
(c) 3Setonator circuits.
(3) Tests on the characteristics of imblosions, and their effects on
metal liners,
(a) Timing and velocity tests.
(b) Compression and termzinal ctaervations.
(L) Chemical and metallurgical services,

{a) Purification of inzoming plutonium.

—~
o
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Fu metallurgy, fabrication, and coatinz.

(c; Fabricstion of uranjum reflsctors.




raration cnesistry.
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(f) F;Sduction of nepcuﬁiuﬁifoils for fast neutron detection
in a critizal plutonium assexmbly,
(5) Critizal-mass prozram and the time constant of the fast chain in
plutoniar., (These activities have been previously descrizes.)
(a) Subcritical zuitiplication.,
(b) Cperation of hypercritical assemclies and assexbly problems,
(6) Jesign of the inner metal parts of the implosion assexzkbly,

1

(a)

RO ——

(b) lodulated-initiater design and testing.
(7) Coordination of the implosion program with the test at Alamogordo.
(8) Assigament of priorities in the shops.

2,8-2_ Frocurement of Lens Llolds

The most critical item in the lens implosion program prcved to be the
procurement of molds for the casting of nigh explosive. The forms were com-
plicated in design and the allowed tolerances rather stringent., 3pecial action
had to be taken to set aside enough "Cerrotrue” casting glloy to make the molds’.
The acquisition of acceptable zolds was made of the highest priority in the
procurement affices at Los angeles z2nd Jetroit. Jaily reports wmere seni in by '
teletype to Los Alamos on the progress of me2nufacture,

The first full-size pentagonal l2ne castiing, using imperfect mold parts
which had been reworked at Los alameos after delivery, was compl2ted on Apfil 29,
and by May 21, three full-sized lens2s had‘been fired for timing, i.e., toO see

“that a satisfactory converging wave appeared in the spherical surface below the

Baratol insert. Iy the first week in June 1545, the deliveries began to ve
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Surii. February 1y49, tners wzs irvensive discussicen cf iaclosicr niri-
<ters, concidering many types. In all -2ses the shock wave arriving at ttre
center of tne active materisl was to break up some prepared geometrical arrarge-
ment 2nd perrit & -particles o reach bveryllium cr wamma reys te e ject
neutrcens frac teryilium., The pcleoniur-beryllium type was finally adopted, and
the reraining .yuestiocn was the design cf the gecmetry which was tc be btrckhen
up by =he shcck wave,

Fertunately, the need of the rreoiect Tcr pecloniuc had been anticipated

- from the very teginndng., [re Researcsh Labcratories of the Yonsanto Zhecical

ccxpany were 3:sked to undertake irc prenaration of intense polonium scurces,

|'b

They acjuired a considerable amcunt of uranium residues rtonvtsining Radium I, and
2lso lcoked intc the possitility of rreparin: ccloniux by neutren irradizticn

reauction rliles at Jiuton ard Harferd.,

E i W « b : I 2 m 2 - -
¢l Tlsxuth in the pluteniun pilce 3ra g
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ixperience s2on showed tnot ‘re latter metieon oV orepering "artificiad
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polenium wem muln rreferecle, The tremital reraration of polonium from tisoutd
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¢ mere straignticrvars trarn the separaticn ¢f 3a O frem plicrblend resinues

ang tne subsezuent milking off of pelconiun.  The amounts wiith can be produced
gre inficazed oy the fact trat 42 kilograos of cismuth irrzdiated atv iarnferd

for 100 days will accumuliate ahcut (0 curieg of polonium.

O

e
(S9N

Trhe te ue of hancling and deposi-ing pclonium was greatly advanced

[
o

¥ the Preject thrcugh its subcontract at lonsante and the work of tie chermists

r
at lcs alames izzelf. In crcer te have a low neutron tzckgreurd befcre Lre
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shecr wave nixed poleniun and beryllium, precaration of polcniur deposits free

from light element impurities wrich could give rise to the ( &, n) reaction

was essential, ' ) ] . ' ' ’ e

During March and April 1545 a vigorous experimental program was underway

in G Jivisicn for the testing of various irnitiatecrs, Unfortunately no test
which gave exactly the information needed could be devised.,3 -
- e _ S 56

~ . en

; o It was impossible to

I

verify that any one of the designs actuzlly exzitted in these crucial micro-
secands, since the total number of neutrcns was far too few to detect,
Terminal observations could verify'that tre initiator was emitting at the re-

quired rate a few minutes after the implosion.

The tixze set for freezing tre design of an initiatcr fer the solid implosion

wag May 1, 1945, By that tize, although nc conclu®ive experimentz had teen mace,

~

the experiments that were possitle incicated that such an initiater was

—

feasible, | ' o
e - B [
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subsequent effort onn initiator production showed that the process could be

repeated with fair certainty of success on each effort,

2.8=4, Detonator ard Detoriater Circuit Desigzn and Procurement

The design and procurement cf a circuit to fire the electric detonators
was also & critical Ccwouncher item. The experizental circuits supplied during
the winter of 1v4u-1945 performed adequately tut were nct desigaed for in-

clusion in the bomb itself, and a carefully engineered and tested circuit had

to be developed., Tne conwracts for the mancfacture of the circuit were placed

o
m’s!



Figure 7

Urehin Initiater,
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with the Raytreon ;ézpany, and the desi.m va3 developed under :t:insultation
with a specizl groun in the axclosives Iivisien, The cordensers for storing
the charge which deflagriated the wires in the detonatcrs and e mountings of
the condensers nad to be designed to withstand the acrelerations of the ajir-
plane and the falling tcmb. 3Severe shake tests ‘were applied to the circui‘s

produced, and also low-ieaperature tests to insure functioning after being

kept at 320,700 feet altitude for seversl hours. Two hand-made Raythieon cetonatcr

LA

~

i

circuits of the final design had been received by May 2, but production di
culties delayed shipment in quantity and by July 1, only 1S circuits ha
arrived at Los Alamos. slthough these were ample for the Alamogordo test amd
the combat drog, the shoriage of such circuits delayed the practice bombing

at wendover Fiz2ld during the spring of 1945. o

The detonators themselves had to be rugged and sure to function.

s . I ———————.
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! A desizn for the detonat.or (Y 1773) was completed

P e

a m 14 and manufacture of parts begun at various out.lying points, At firse,
the det.'onatora showed an alarming failure rate due to various causes, azcng
thes fajilure of the insulators, which often cracked under the stresses of
asseably, The problem was’ finaily solved by making the insulator parts of

molded wﬁ, ‘ Cansiderable work was dane on the exact procedures for premring

and pnam the FETN which was detonated by the deflagrating wire, During

the work on wire detonators, development work on spark-gap detcnators was kep:
in progress at los Alamos and at California ‘Znst.itute of ‘Pechnolvogy. Cne of

the advaatages of a s.uccessfal spark gap detonator would be the smaller amount
of capacity needed to make it function., < disadvantage would be the pcsaibility
of the detonating spark jumping from a static charge accumulated during hand-

ling of the bamb, The wire detcnatcrs were aciually used in the test and cozbat

[
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shots.

2.8-5 Insertion of Soron Flasti: Absorber

ly in June 1945, the Theoretical Division called attention to the
danger of predetonaticn from neutrons slowed down in the explosive arourd
the active material. The inner parts of the pldtonium bamb were continually

emitiing neutrons from the background of the initiator, the spontaneous
e . ey
\ 3

fission of Fu-ZLJ, and the ( g, n) reactions.
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Ho'ever, once the high explosive is detonated the

—— *

temperature rises to some 3DOO° C, and the exploded material no longer sloms
down the neutrons to an energy at which their absorption in diffusing inward
is certain. The sudden increase in these "hot" neutrons in the plutonium
may detonate the fission chain before the correct moment of hypercriticality
has been reached. |

It was considered worthwhile to include a "hot"-neutraon absorbing shell

- p— . JO f s emme ey m— -
. ——————

between the high exploaive and the plutonium.f' )
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i . The first such hexispiere ¢f proper dimen-

sicns for the bemb was procuces by the metallurzists on June <9, and ©y the

time of tne Alamogordo test snot five such hemispheres were ready,

<.,2-6 Final Dates

} ,,__“_____,_...__-,-_ e e e _ L - . ) . )
s k | \

¢ A trapdoor, or channel had been ,

left sb that after arrival at Alamogordo Air Rase the plutonium, with the ot

initiator embedded in it, could be inserted in the center of the bomb by tempo-
rarily removing one of the lenﬁes. At 11 F. M. on July 12, the assembly was
loaded in a truck and the convoyed journey to the test site begun. Cn the
afterncaa of July 13, the plutanium was inserted into the assembly, and on

July 14, the‘bamb wag hoisted Qp to the top of the firing tower, and the rest
of the test was left to the organizatioxi set up for this purpose at the test

site.

2.9 THE TEST AT ALAMCGCRLC AIR BASE

The preparation for the solid plutonium implosion test at aAlamogordo Air
fase wa3 niot under the Jurisdicticn of the Cowpuncher Committee; 2 sz=parate
tem2orary organization =of the les ~lamcs Labcrainesy was treaiec for tLals puspeee

IR -0 B -y & - . - p .t ey 3 . X J 3
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Trinity {s indicatec ic Fifure 8. The rmain objectives in the te:it were to
ottzir scme zeazure of the cnergy release in the exgplcsion, to make measure-
rents cf “ne air blast, ana to carry cut experiments which would reveal thre
cause of failure, if the test was unsuccessful., There were, of course, othier
experixente ¢of technical and scientific interest,

The éite for the test was chosen ir. the suzmer cf 19;&, a semi-deser:
tract in the ovcabing range of the Alamogorde Air Base, New Yexico, akout 22
airlire miles due west of the town of Carizozzo, at the base of the western
escarpment of the 3ierra (Cscura Mountzins,

The origiral plan was that an implosion with active material woulc te
rade in a vessél of same sort which woulcd not burst frow the effect of the
high expicsive alone, and thus the active zaterial could be reccvered in case
of failure. In the fall of 1944, a large steel cylindrical container, known
as "Jumbg" was designed, and it was eventually constructed, shipped to Trinity,
and erected, 2y the spring of 1945, however, the probability of successful
performance was high enough so that it was concluvded that Jumbo need not be
used. T[he presence of the steel casing of scme 200 tons weight ayound the
implosion would have mAde much mare ifficult any measurements of the energy
. released, or any bla:tfﬁ;lauggments which could be u;ﬁd to satimate the effect
of the bazb m.conhu;;_?'f:’" |

Akpriltndnarr gigéciion was carried out at Trinity for calibraticn pur-
poses, ufsing ioo tanshof ™T. This shot was fired on May 6, and calibraticn
mpasurennntsvon the air blast, earth shock, damage, were carried out, together
with practice in photography. In arder to cbtain experience in measuring
radiocactivity on the ground after the shock, an irradiated uraniun slug was
shipped down {rom Hanford, dissolved in nitric aeid and the solution piped
irto the stack of TNT boxes before the shot. The highly active fissien products

were mostly carried upward in the ascending cloud after the explosion, but



Figure 8

The Organization of the *Trinity* Implosion
Test at Alamogorco.
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measureatle radicactivity w3 Jzunn on the creount, and an extinute ¢

{i235icn bure wes zcssitle.
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ro te expectec from the *

Cre ¢l the rettoas rrezcsex Jor finuing tre efficiency of the fissicn
hemit in the test was to ceollectt rzoicezctive residues, and measure the ratie
of certain fission groducts tc plutcniur, Frrom laboratery experinents on i-e
trarchirg ratic cf e measured procuct, the fraction of ire plutenium shich
had beén transformed by fissicn could be estimated. In preparation for this
work, the Metailurgiczl lakberatory was approached in the late winter of 19.°%,
anc aséed 0 mzke come measurements on the fissicn yields in rlutonium sher
the fissicn was caused by fast neutrors as in a fiss;on cazbt. The previcus
measurerzents on fissicn yields had teen made on fissicns induced by therra:
neutrorns. xperizents cf this type were made bty enclcsing plutcnium in 3
shell of uranium metal and placing the comtinaticn in a chain-reacting pile.

It was estimated that the most reliable efficiencies would be obzai:eld
ty the use of fission products whcse cxides were highly refractory like r.C:
and which did nct have any gaseous ancestors in the fission chair, rfurtrer-
wore, the period must be long enopgh'to allow recovery from the créter, and
careful chemical separation and counting. The fissien products which gave the
test yield results were 275=da cerium and ¢7-hour rolybdenum. Measurements
on 17-hour zirconium.were somewhat less reiiable, since it was found that the
-chemical mgghpd: used did not entirely separate zirconium frcm the neptunium
produced. Ueasurements on the 12,.5-cda Ba-i{—rour [a combination showed low
results on'yield, as expected, since a gasecus xenon is known to exist in this
chairn.

after the test shot on July l&, thc group acsigned te the measurezent cf
efficiency by residual activity agrroacred e crater in tanks.which had special
lead rroteciicn 2gainst gamma raye installed.  The tanks proceeded as far in as

tt=2ned intc the cretér. e

-

wa: 3zle anl then Iired rockets witn c=ile

(%]




, -
cables were rauled in and the samples recovered were returned to Los Alax:xz:s
fer investigation,

As indicated in the organization crart, rigure 8, many different methods
were used fcr the air blast measurement. The measurements were in general
successful, but indicated an energy release which seems somewhat too low,
arcund 10,000 tons of TNT equivalent.. This somewhat low result is explained
by several factors, such as the energy used in boiling the ground under the
ball of fire, because of the fact that the bomb was not fired at a suffizient
height to prevent this, and the large escape cf energy in the form of light.
The tomb was exploded on a tower approxisately 100 feet high, whereas the fire
ball expanded to some 1500 feet in diameter. A

Yany of the experiments on delayed neutrons, gamme reys,etc., failed
because of the high efficiency of the test. These experiments had quite
prcperly been designed to give indications of the cause for a failure, i.e.
an energy release of less than 1000 tans INT equivalent.

The experiment on ‘t.hc e-folding time of the fast chain as it aétually

took place in the plwt-mim bomb was successful, a.m has been Jnnt.ioned in

PR A

Section 2.3, in mm
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Considerahl@ ‘etmw”u ‘u'inity was put on the px'oblen ot thc duat. cloud
containing tho . - otk ve fission products. and' untransformed plutenium.

‘m"itiona and predictions were made to ;'it.imt.e the

g N

A searchﬁgh& battory m inatalled to keep the cloud illuminated as- long as

possible. A 584 radar truck was present to fcllow the cloud from the beam
reflected by the jonized gas. The Prcject Health services stationed ground
observers at many places in the direction of the expected drift of the cloud,
who could report any radiocactivity appearing at the station bvefore it reached

levels where trere was physiological hazard. + fleet of trucks and busses




stood ready tc prcceed te any small comrunity and evacuate tre residenés
temporarily, snould this be necessary. Although appreciable radiocactivity
was otserved f;r at least 100 miles in the line of drift (the cloud rose to
approximately 45,000 feet), the amounts did not constitute a health hazard.
Cccasional isolated spcts of rather high activity were fcund, as if sand or
dust particles of a particular siie had settled out at thzt point anc carried
adsorbed radiogctivity with them, These points were far from any permanent
habitation in the very sparsely settled terrain over which the cloud moved.

The test implosion was fired at 5:30 A. M. lountain var Tire on Londay,
July 16, 1945. By Sunday noon, July 15, the test bomb had been completely
assembled and hoisted to tne platform at the top of the tcwer. The detoratcrs
had been attached to the outer metal case and connected with the detonator
firing circuit. There was no further need to ascend the tower. A guard was
kept at the base of the tower, and repeated surveys of the area were made tc
be sure every one was either at the base caamp, 14,000 yards away, or in the
reinforced shelters at 10,000 yards. The shot was originally scheduled for
L:00 A. K. when the surface winds were likely to be a mininm:n, but unexpected
rein, beginning shortly after midnight delayed the initiation time. Shortly
after 4:30 A. M., the party at the base of the tower made the final electrical
connections and left for the shelter 10,000 yards due South. After consult-
ation with the Project Director, the firing time of 5:30 A. M. was announced
over the public addfesa system in the various shelters, and over the short-
range FM radio to £he observers at the base camp, at an observation post 20
miles northwest of the tower, in airplanes, and at outlying points. The tires,
«10 minutes, -5 minutes, -cne minute and -45 seconds were announced., At =45
seconds 38 mechanical timing device, consisting of pins on a rotating drum which

closed various circuits, was put in control of operations. 3ignels automati-

cally went out which opened camera shutters, ungrounded galvanometers, etc.,
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in preparation for observations. —rurther tirte signals at =40, =30, =20, and
-10 seconds were announcecd over the radio and the pubtlic address system,
announcements of -5, -i, =3, =2, -1, and O seconds were made over the public
address system, The terrific flash of light as the bamb exploded at O time
and the subseguent effects have been descrited many times.

Evicence of tre energy released came m2inly from three observaticns,
the intensity anc duration cf the pressure wave in the atmosphere at a known
distance, the rate of growth and ultimate size of the ball of fire as revealed

in the Fastex camers shots, ana the per cent of the plutonium transforsed as

PSRRI ek

revealed by radiochemical analysis of the crater dust, | Py

e A — e e 4 i 5 e ¢ a4y : N
\ N

— e z e B 3 = A
H e A 7

- _ ~ The blast wave esti-

e e T i . — st

zate was lower, and the ball of fire estimate higher than this figure.
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CORER CUETH LS Ur ATTAINING TAS XPLSIVE TZIEASE UF TUCLIAE ENERUY.

The (dea rthat %ne initisnl mestimnical effests: prodused b, the nuclear ex-
7iz3icm samild inergase ratrer Lhan learmace tne reactivity of the fission
conmt is older than the {ounding of the Loe Alamos laboratory. Clearly s very
hizn effisiency and & simplification of the initiation procedure might ke
gg3itie in m homT in which %he e-:i'cldir; time of the chain decreased marked-
1y after <ne rcactior zot under .ay.

. n® of tne -ost widely discus3sd possioilitiss was the so-called Sorom-
budhie homte Its aztion would devpend on the Tact that the effective ahbsorp-
tion cross section of a very votmnt neutron absorber is not its nuclear =zross
secticn times %he number of nuclei presurt unless it is spread cut in layers
thir enough toa rrevent self-absorption. Thus if the mechanical effects of
the esarly stazes of the nuclear exnlosion would colleot an absorber in which
mich sarface was exposed ihtd a small compact lump, it would groat}y ineroass
the reactivity by virtusnllj eliminatinz the competitive absorptior of the suh-
stencé, |

Soron~10 has the largest mown absorusion cross section for fast nsutrons
ard thus is clearly indioatsd {or such a pur:>se. The possibility of apply-
ing it %0 an autocatalytic bomt was one of tne rsasons favoring the desision

o seramta the Loron isotopes om 2 sommer-ial s2als of operatiom. RN

—




The dersity c¢f prartislaes {nuclei and ele:trons) in elementiry Zoron :is
about five times lmess than that in uraniuz metal, It can te shown thst under
such slrcumstances .aclusions of 3-10 In the sctive material would bSe highlé
compressed as soon as the neat liberetsd had warorized the rnaterial and hizhe
ly ionized tne :as produced; The reaction time is too short tor the :of:n
to spread through the mass by diffusion tefore the exn»lcsion is ovar.

Such & scheme requires s2veral critical masses of active material (at 1saas
five, for aspraciable eficiency; which would “e held telow critieality -~y
the computiti7e ahsorrtion of the boron. A emall increment of astive materiati
would be shot in to start the reaction, and when the boron was compresisl, “-e
reactivity would jump to a high lavel.

Althouzh ccnsiderable time ard effort were spent in calculaticns on %his
and other autocatalytic possibilities, the; never ssemed atiractive erou-n
to beccme a m;in progream of the laborator:;. The initial amount of the a:zt:ive
material required was too great and the calculated efficiency for any reas.r-
able amount s too low, There always remined, nowever, the possibility trac

& nex ides would arise whith would obviate the bad features of the ussem-llegs

so far imagined,

3.2 THE HYDRIDE BOMB.

The existence of a hydride of uranium, first thought to be UH4 and then
showr to be UHx, was discovered in 1943 at Iowa State College, where work une

der the Manhattan District wws in progress. TIhe hydride is pyropaoric if

finely divided, and has a density of atout 1l1. The availability of this substance
stimilated thought and experiment on the general juestion of the use of hydrc-

gen or deuterium nmixed with the active antzrial in a bomb,.

The nost attractive feature of such schemes was the loweriag cof the =rit-

jeal mass, and 4he possibility of an early 1sse ol & nuclear :Lomb “elore amdunte
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cf active materjal surtizient fcr <ne alle-metal bomd ~ere available. In ajusasus
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solutior amounts of the order o7 half a kilogram of the active materials oan
Tecomr critical, -ut sich ag:rosates are in no sense bomdbs, if amly in that
thermal nsutrons ¢ rstituts a link in the chain. If sonsideradbly less hyvdro-
gen is used, the none was that the critical mass mnight ©e reduced from that of
the metallis Somd without reducing the effective neutron enerzy to such & pcint
that the e«foldirz time 5 the chair is 30 slow that neglizidble efficiercy re-
sulis,

Talcilations of the tehaviour < & hydrogenous bomb are much nore 2:iffie
cult and unzertair %han tnhose ror puaraly motallic essemblies. In order :to
check them and %o cbtain exporience with solid critical assemblies, a program
of firding hydride critical masses by the intezral method was carried out at
Omega Site in the late fall of 1944. This was before enough U-235 had arrived
to reach criticality in encased metal spheres, In order to vary the size of
the assemblies in small steps, the materials were mmde into cubes, éne-half
inch on an edge, The originel program.wnl to study the critical sizes of hydrc-
gonous com' inations from approximately UHgqg down to UH;o, and then make s
determinaticn for UHz. For the higher hydrogen oconcentraticns the natural
hydride had to be mixed with a hydrogenous plastic, after which it was come
prezsed into the required shape.

The small critical masses which were anticipated were actually observed,
i.a. it was found that 3.6 kilogrsms of 72 per cent pure U-2I5 in the mixture
UH,q ms critical if surrounded bty BeO.

Howevur, by the fall of 1344 the theoretical evidence pointed so strong-
ly to very l:w efficioncies for & hydrojenous bomb that it was decided to
ahandon the program. The efficiency of a hydride bomb rises more slowly witn

the mass of U=C35 used than does that of the metal bombt, and for efficierclss

over & few tertss of a perecent it is tetisr to remove the hydrozen from a




4

ziven mass of meteriale
Ir spite of the abandorment of the hydride program, time was found %o

rerl.rm an experinem“ which ~ave the firs%t experience with a chain reactor
having 4 fast period, A jacket of nydrogenous active material ard 8 reflect-
or 3urrounded & vertical nine throuzh whizh a plurger of active material
couid e dropred. arem %the irner cylinder was centrally located with resgent
Lo =he Jacket outside the cipe, a hypercritical aszembly with a period of
adout 1.0 microsaconds vas formeis. A& bturst of gamme rays and neutrons was
emitcad as the clunger Jell through, multitlications as high as 1015 duricg
the 0.0l seecond of h;percriticality elng observed, By adding slightly more
active material or reflector to the stationary cart of the assembly, the in-
tensity of the burst sould Se increased. The experiment was very appropriataly
referred to as "twisting the dragon's tail® and the assembly for mmking the
drops came to be known as the "drazon” (Figure 1), Unfcrtunately the dragon had t
dis-assembled and the hydrogenous uranium returned for re-working into metal

s for the bomb bHefore an adequate experimental program based on it could »e

carriad out. ‘

3.3 BAMBS FRM THERMO-WUCLEAR REACTIONS.

The DD reactions

192+ 102"’21[03 + gnl + .13 Mev
and D2+ (D2 H3 + 12 4 2,33 Mev

have a high cross section whicn extends to wury low relative velooities of
the reacting deuteruns, as might be expected from the low potential darrier
#hizh has to be penetruted for the ruczlei to come together, The resction has

zean followed experimentally down to 3 kilovol:is bombarding erergye. If ;art

o & mass of deuterium were raised to such & temperature that the rate of
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snerg; release {-om these reactions and the subszjuent one

,
(4]

1H3 + 1D2—>2He4 + in +17.5 lev

would exceed the rute of enerz;y loss from radiation and electronic com<uction,
%he reaction would spread through the deuterium present, with the release of
tremendous amounts of enerzy. The energy release per gram of transmuted
deuterium is about 9 x 1517 ergs, or slightly more than the energzy released
per zram of fissions.

Calcualations of the temperature wnich mus*t be attained for such a reacs:cor
to maintain itself indicate that the averazge energy of a particle in the hot
mass would have to be about 20,000 aleotron-volts, Such calculations could ~ave
been made befare the discovery of fission and the imminence of fission bom>s,
but would not have been taken aeriously/because of the fantastic temperature
needed, some hundreds of millions of degrees Centigqade.

In the summer of 13542, a group of theoretical physicists destined to come
to Los Alamos zathered at the Univer;ity of California and as part of their work
carried through a calculation of the posaibility of igniting a mass of lijuid
‘deuterium using the energy evolved in & fission borb. The possibility that
suoh a project could he carried through could not be disproved by the theorete-
ical predictions, Actually the temperature attained by the active material and
reflector in the test shoi at Alamozordo may well have heen around 70 millicm
degrees,

The amount of lijuid deuterium which could be placed around the 50mb is
limitel only by considerations eof the most praocticable size and weizht of the
weapon, He;oo energy releases greatly exceedling that from a fission Somd oan
presumably be ohtained,

The ignition temperature is considerably lowered by the oomtribution from

the tritium reaction, and studies were undertaxcen at lurdue Urniversity to
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~easzire trne TL r@actir cress soct:icr, Toe measivenert: Csoterndsi v tsitinm
axtractad from 2yoiotror tar-<e=s ard n2nce only <racer amounts wers awveilahle,

In the ererz: rurce from 2.1 %c 1,0 Uav the TU :rcss secticn preved to he
Fn, <reecer trar innizuted by the nutlear dime-sioms,

Tritiim can Yo orodiced in chain reacting piles, by using their ex~ess

neL=rons in %he reaciiom

hy bl £
211 + gniomotet + 110 4 4.7 Yev

anl the prudiuction in amounts o’ a few cubic certimetars ..a3 undertaker at

the Clirton latoratories st the requast of the Los Alanos laboratory, Litnium
fluor.die was introduced‘into the rile after being thorougnly outgassed, a=d
the accurtulated heliur and tritium pumped off when the fluoriie was suhsejuent-
ly hemted, The tritium was purified by pas<ing the evolved gzas through hot
paliaditme In the early spring of 1345 amounts of tritium corresponding <o
about 1 cublec centimeter at $.T.]. hezan to arrivo. An accelaration tube cp=
ara‘ing 2t voltages from 10 to 40 kilovolta had been prepared at Los Alamos
with the aid of members of the 3ritish Mission, and it had been trisd out with
the DD reaction. The TD measurements confirmed the oyclotromn results in that
the cross section seems to be on the order of 100 times that for DD in the
siznificant energy range.

Thus it seems that if tritium were prenared in ruclear reactors and dut
into liquid deuteri-m as a booster, the i-nition temperaturs of deuterium
could orobadbly be reduced to a joint where the mixture could be ignited'from
a fission tomh, and the reaction would soread to & much larger amount of pure
denteriun. ) |

A cryczeris laboratory with facilitizs for the production of 1i3uid nydro-
~en was part of the oririnal coms=tru:ti-n at Los &lamos, with the thought tiez

arantus iy 1i3uld dectesium mlcht e rcdieed for exteriments leadin= tn thils

see em 3 eom
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laborstory to nanile at nizh priority, and furthermsre tne idew of ucirg

artificially preparei tritium as a booster was not in =he ri:ture dirics the
earl, tays, I% waa jil:sed that all sffort saould be 3rent on +*ns :rodizticn
of r'issior -om=s as 'e:rz tre only real cossibility fer shortening nhe war,

Calculatioms on <he yprcizn were karct zoing, however, ard a fairliy come
L ]

its actior, imecluding its erficiency ard $ime scale, vere

)

plets theory ci

wrevare:l, It -us Judesd that althouch the certainty of sucsessful operation

Y

W3 not 85 well #3%anlisnec as was that of a fission bSomb at the time of
orerirz the Los Alamos Laporator:, nevertheless, eshecially with the <rici:nm
bocster, no one vas willines %5 state shat the rrcjest could not be carries

throughe. It was hoved that the interrational situaticon would not de%arioru-e
to such an axtart that it would he necessary to build such a terrific, tvirsl,

destructive, ruclear resctor,
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The berb was intended tc destrcy military and raval installaticne w
above ground, to destrcy capecity to rrcduce wilitary eguirment by attac:
and the hrrmes of fectory worbers, =2nd to cisorganize cconomy by oblitera
The conly method of delivery to the target which was seriously corsidered
it sheouli be dropred from an airrlane, on instaullaticns on the ground rat
¢n ships or naval vessels,

#ith this in mind, it became clear that the detonati-n of the bomb st
take rlace consiieratly atove the level of the ground, The first reason f
was that it was feared that impact with the ground would cdistort the rathe:
geometry reeced to produce an acceptadble erergy release, Another reason i:
the radius of damsge from a ccntact bemb is strongly affected by unevennes:
terrain; a slight rise will caet & protective shadow, Furthermore, if the
fire ia not allowed to come to its full expansicn before it touches the gr
other soi&ds, energy will be used up in varorizing these solide which righ!
gone into the blast wave, At a much later cdate, a further benefit wae rea.
that detonation abecve ground weculd yrevent contamiraticn of the damaged are
radioactive products, and not make the locsticn uninhabitable for many year
cessation of hostilities. Arother rcint is that an expranding spherical shc
incident on a plane surface sets uy, by interference with the wave reflecte
the ground, a more intense wave, called the Lach weve., This is in the form
expanding cylinder whose axis is the rerrencicular to the earth from the jc
detcnation, The height of the expanding cylindrical surface is not sccurat

known, but for a fission tomb detonated 1850 feet above level ground it is

e
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30 and 1CC feet, at a racdius where it stiil can =act destructively con buildings.
In this V¥ach wave the rressure and i-rulse transmitted tc a vertical obstacle
are roughly twice that in the 1rirary wave fron the detcrati-n reint., There is
also a very strong wind follerirg the rassage of the Nach wave,

The estimate of the rrorer heipht for ‘etonati-rn varled greatly {rom time to
time, some estimates being se low ag 26C feet, scme ag high ae 3CCC feet. The
mechanism rlanned in the bort fer thie rurrose cbvicusly haéd to be flexikle encigh
tc siicw adjustment within suchk limits vhen the final sltitude was lecided urca.
Initiation by a barcmetric fuze alone was Ziscerded, meiniy because of the cdanger
fron turbulence and ccrsequert rressure fluctuaticne arcurd tke falling bemb. A
fuze whose acticn cepended on the reflection of shert wave racdic sigrale from the
ground was cecided urcn. Some exrerience with this sort of device had been gained
in the develépment of the radic proximity fuze, carried out by the Office cf
Scientific Research and Develcrment uncer the auspices cf the Mavy, Severszl ren
who had had exrerience in this work were chifted to the los Alamos laboratory.

The fuze finally cdeveloped sends out a radic signal rhich ie picked ur in the
falling bomb after reflection fror the earth, If the reflected signal comes back
too late, it find§ en electricﬁl gate closed in the receiving circuit so that the
fuze does not operste., Vhen the reflected £igne]l comee back at the correct instant
to pass through the opened gafe, the fuze orerates and transmits the amplified
rulse to the detonator firing circuit in the implosior bomb or the firing circuit
which touches off the powder in gun model., In order tc make mcre difficult
attenpts of the enemy to find the wave-length emitted by the bomb snd jam its actic
the bomb emits eignals only a short time befcre tre correct height i= reached. The
height at which the emission cf signels is iritiated i1s contrclled by a barometric
switch, The develcrment of the circuit was undertaxen at lcs Alamos in the Crénanc
Livisicn and under a subcontract at the University of Michigan., Because of the gre

vajue of the bomb and the ccrsequant rneed for uimost relisbilit& in its oreraticn,
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the rrircipie of parallel paths for the pulse was used, so that {f cne trans-
ritting circuit should fail, the pulse cold {ire the detenater cireuit through
ar alterrate pat!. This made it possitle to predict a maximum probability cof
feilure of the fuze which was much lcwer tran could te set Yy the perfermance cf
any sing;e iter, for tre prorebility that twe mould fail at the same insiant was
whie sqiere of the preobatility of failure <f a single ifem. Thus when more than
1CC single tranamitting circuits had beer showr not o fail, the prcbabilicy
that the pareilel circuit bowmb would fail was less than 1 in 1G,0CC. This= philc
c¢? testing waz used irn the fuze and also in the wire detonatcrs previcusiy dis-
cu3sed.

Arother hazard is of course that <f a prerature firing, at an ineffentjve
nelght, cr even in the airplane cr at the take-cff, where the bomb would dezclist
the airport. To reduce this probability, units were placed in series alcrg the
paraliel paths, so that premature transzissiorn of a pulse could only be possitle
bty simultaneous malfunctioniﬁg of twc circuit units.

Another point in which the military use as a bomb influenced the design was
the additicn of an armcred s;.eel coating. It was feared that enemy fighter plane
mght attack and injure the bomber and the bocb by gunfire, or that flak frem
entiaircraft batteries would be enccuntered, Triangular plates of steel amér
were used to cover the outer surface of tre toamb to minimize such dangers.

| Because of the unusually large si%e and weight of the bomb, special devices
had toc be prepared for loading it intc the B=29 bomb bay, A hydreulic elevator
(Figure 1) similar to those used in elevating automobiles for greasing, was adapt
for the purpose and tre bomb was reised from 3 pit in the ground inte the bcmb be
of the =29 which had teen rolled intc positicn over it., 3pecial attention was
paid to the desi;in of a lug in the bomb casing from which the bemb could be sus-
pended in the carrying plane. The release mechanism of the bomb was essentially

the British 7 and G equipment which had been developed for the launching of extre

reavy (12 ten) bombs from the Lancaster bambers.




Figures 1

Hydraulic EZlevator lor loadirg
Fombs intc the larrier Plane
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An extensive rrogrem of ast drofs was tarried out hefore any tombzt Irocs
xere mate. In ‘the imclosicn tomn ifigured ), the design wrich was necessary ¢
contadin trd necessary parts was nct one whicsh gave a high nallistic coelficient
f2lling coject, TInitial drop test: at Muret 1@y oir Sase nad snown
31l of tre first mock-cpz wl L0h woold preverns
acourdte aiming, and mrose some uncesirzbtle accelerations ci the irmer [nrrs,

o - P Fd 15 1 3 - " n - -
ced on e lesign of wsil fing (-0 ora

(%)

Ccongicereble trought and effcre was ol
toat which would preduce streaczlined flight, aad this problem wag eventi..ls
solved with 3 “"tox" *tail {Figure 3;. The prctleas of the gun mogel (Fig.re 4},

\ 2,
which fitred into a3 casing cf nig. er bellistic ccefficient, and gave neari:
cerfect drops, caused much less -encerrn.

The testing program, after a few initial trials, got underway in the latter
pert of tre winter of 1945 at tre army iir Tleld at ‘Jendever, Utah. In urder io
cbtain experience in drops to sea level, test flights were made to the Sulton 3ea
iz central-southerr California and drops made on the adjacent lcwlands. .t
Wendcver, a special squadron of modified 5-29's truined themselves in all the
operations likely to become a part of the combat missions.

The latter part of tke test scheauie was supervised by a Weapons Conwittee,
whi££ was set up at the same time as the Cowpuncher Committee. The work of the
Weapcns Committee’uas to plan in detai] the drop tests, coordinate the tests with

- thcse undertaken directl} by the Califcmia Inspitute-of Technology, to select

scientific crews for the final assembly and the combat drops in the Pacific, and

to schedule their departures from los alamcs.

) In the test schedule mAny mock-up gfur bombs and implosiorn bombs (Figura 5)
- were loaded, transported and dropped or vari:us typés‘of terrain and in water, 3

of the later drops contained infcrmer circuits .which sent out signals irdicating
what defonators had actually fired. The 3alton 3ea drops were some six huxired

miles from the takeoff at Wendover, 3o the crews had the experience of taking off
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Figure 2
Implosion Bomb "Fat Man®
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Figure 3
"Box® Tail
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Figure 4
Gun Type Bomb "Thin Man"
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Figure 5
Yock-up Implosion Bomb
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long level flight at intermediate sltitudes, and of the final climb to the berh-
ing aititude of arcund 3(,(CO feet. In July lé&s 8 facsimile of the combat
implosien bomb, minue the plutcnium core, was croyped, and sipilar rractice drers
were rade at the base in the Mariannas before the sctual ccrbat miseioms. Tive
gun-tomb nodels sné three irylecsirn-tord models were dropped in these practize nm
in the Facific, The experience gaired in these tests was ¢f great value - - *he
plane crews and the scientiste.

In conrecticn with the test shot at Alamogerde, a test run with tec 2-23's
had been arranged. The first plane was tc pass over the test poin* a few miruten
before the eshot and dror raraschutes containing piezo-electric gaugee fror which
rresesure readirge were transmitted by radio. The ;eccnd T lane, aimuiating ac
actual combat missicn, was to fly cn a bombing run directed at the bomt on it:
tower, and signal when it resched the pcint at which a btorb would have to ke
launched to hit the test tomb. The drop time was about 45 seconde, so after this
interval the bcmb on the gromnd was to be fired. In the meantime tle berber wae
to bank sharrly and turn and try to get as far amay as possible. The imprct cof
the hlqat wave on the b&-ber was them to be measuradlue to unfortunate atmospheri
eonditions at the time aof the test, this program was not campletely carried oul,
aithough observers in th; planes saw the shot from a distance,

Under the lnnpiceszot the California Institute of Technology, a so-called
*suzpkin® program was cqrried out in which bomb caainga of the same shape as
- the implosion bomb were filled with high explosive and fitted with a contact
fuze for detcnation on impact with the ground, These gave the crews additicnal
experience in h#ndling heavy bombs of the shape of the fission implosion bomb,

It was also intended that iﬁ the periods when fission bombs were not available
for combat, the B-29 crews could drop these pumpkins, which, after all, were very
powerful charges.of ordinary explosives, Such combat missions over Japan were

actually carried out with theae bombs, but were too few in number to be of any
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considerable military importance,
The fission bomb, during World War II actually did nct completely emerpe

fro= the laboritory stage and bec™ze a finished weason, handed cver completely

b}

to the military forces, Lahoratcories were tuilt cn the advaacesd base in %a
Mariannas for testing every feature of the tomd before d:livery, and ziviiian
scientists were sent overseas to work at these installaticns, The advance lasora.
t.ories were alir-conditioned and extremely well equizped, using lists of a;;amat:s
mide uo at Los Alamos, Frecuent tests were made in order to be sure that e
neutron background of the impiosion initiators remained below tolerance,

Even during the final combat f{ligh%s scientists wers in the planes, re-
chezxing the electricai circuits in the bombs to make siure that they were still
in good ordler, and going over a series of final tests which had been drawn uc
based on ihe experience in the test drops, bservers in an accompanying plane
dropped parachutes with piezo-gauges attached to small radio transmitters, whi:zhn
sent out signals whese intensity was: proportional to the pressure in the blase
. wave, From these and from other sources, the energy rclease in the cambat drops
was estimated, .Atter the Japanese surrender, personnel drawn from the health
protection groups at Los Alamos aad elsewhere went to Hiroshima and Nagasaxi to
obtainbdata on the residual radicactiivity anq the physiological effects o? the
miclear explosions, Pers-nnel who had estimated blast damage, ;nd an expert ~n
bamb da.nﬁgo to cities, from the British mission, went to report on such effzcts,

It was remarkable that the first combat units of U-235 and plutonium left
the Los Alamos laboratory for shipment overseas within a few hours of each 3ther,
Mhis, in a sense, justified the decisicn to keep botht he plutonium and the U-235
production programs going, which was made in 1941 and reviewed several times
during the war, The U-235 target for the gun bamb and the plutonium hemispherés

left Los Alamos cn July 30, The projectile for the gun bomb had left about tw»s

weeks previously, The scientific crews for the base in the Mariannas began
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leaving los Alamos late in Jjune 194%.

Cn August 6, the U=235 gun fission bomb was dropped on Hiroshira (Figure -
It detonated reasonably close to the prescrited height of 1850 feet, released
8000 tons INT equivalent energy, mde at least 60 per cent of the city
uninhabitable, and caused uncountable deaths and casualties. On August 9, a
plutonium implosicn fission bomb was dropped on Nagasaki (Figure 7). 1t detonat
at about 1640 feet elevation and released 30,000 tons TNT equivalent, obliter-
ating the northern wing of the city. It seems that these two disasters finally
made the hopeless military position of the Japanese evident to their leaders,

and the unconditicnal surrender quickly followed on August 16, 19i5.
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Figure 6

Hiroshima After Gun-2omb Was Dropped
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FPigure 7
Nagasaki After Implosion Bomb Was Dropped
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