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Tre following notes ara bused oen a geb of five
lectures given by R. Serber guring the firsi tws
weells of April 1942 4
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“¢, A8 an "Incoclrinatior coursce

irn connection with tie starting of the Los Alasss
Project. The notes wors written up.by E, 1, Canidan,

The object of the Project is to produce a practicsal
militgzz eapon in the form of a bomb in vhich the energy 1s re-
€4sed DY u rast neutron chain reaction in one or @mere of the
materials known to show nuclear fission.

2. Enerzy of Fission Proceas

' ¢ In the fissior process
s is considerably more tha
in ordinary combusticn pro-~

. The Qirect energy vrelcas
of7the order’ of 170 I=V per atom. Ti

10 times the heat of reaction per atpm
" cesses,

This 15 170+106+4,8-10-10/
Since the weight of 1 nucleus of 25 is
enerzgy releasc is

Ihe energy release in TNT is 4-101 erg/s
Hencs '

1 kg of 25 2220000 tons of

3. Fast Neutroan Chzin Rezcticn

Release of this energy in a
possibility Because of the fact that i
rTecuires a neutron to produce it, tiwo neutr
slder & very great ma

scale way is a
on process, which

)
Ss of active material, so grsat

¢ noc neutirong
are lost through the surface and assume the material so pures that
no neutrons are lost in other ways than by fission. One neutron
released in the nass would bscome 2 after the first Tiszion, each
of these would produce 2 aftep they cach had produccd fission g0
in the nth scneration of neutrons thure would be. 2n nsutrons aveail - \
able, T ey gy €3 Y
Since in 1 kg. of 23 thire arc 3:LCYY mucled 13 woui: ¢ .8
TeCir. gbout n 80 generations ( 230 2y 51029 co fist. the wWnolae g0 ¢ 2
111103:".\!:2. . o 7
While this is 891ing on the cnorgy relcase is maiking
ne mnkerial vers act, developing grzat pressurc end nencs hande

Lilg Lo G2uCe an cxposien,

e ™. - $a - L . & M
In cn eztual Cintzce sctun, s¢ TN Do i
4 Yy rm .- Ty s P} Lo - k) ~ .
Toout theough Llhe surfaco., SACPCs will Lo it : TTE o PRI
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S %ospnire for which the surfase Ler PG nelocan o
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JUS 6, s i : chain reaction. Thls radius dcocnds

o tho density. As the reaction proceeds the material tends to
cxpand, Incrcasing the requircd minimum size faster than the actual
sizc incrcases, ' ’

Tnc whole questlon of whether an effcctlve exgosion
is made depends on whether the reaction is Stopped by this tendency
before an appreciable fraction of the active matcrial hes fished,

Note that the energy rcleased per fission is largc
compared to the total binding energy of the electrons in any atom.
In conscquence even 1f but %% of the availablec encrgy is relcasecd
the matcrial is very highly ionized and the temperature is raised
to thc ordur-of 40106 degrces. If 1% is relesscd the mecan spced
of the nuclear particlcs is of the order of 108 cm/scc. Expansion
of a fcw centimeters will stop the reaction, so the whole reaction
must occur in about 5¢10-8 seec otherwisc the matericl will have
blown out cnough to stop it. ' .

Now thc spced of a 1 LEV ncutron is about I:4-70%m/s:c
and the mcen frec path between fissions is sbout 13 cnm so the mean
time betwecen fissions is about 10-8 secc. Sincc ohly- the last
few generations will rclease cnough encrgy to producc much cxpaen-
sion, it is Jjust possiblc for thc rcaction to occur to an jntercst-
ing c¢xtent beforc it is stopped by the spreading of the sctive
material,

Slow ncutrons cannot play an esscntizl rolc in an
¢xplosion proccss since they roquire about 2 microsccond to be
slowcd dewn in hydrcgenic meterials end the cxplosion is &ll over
before they are slowcd down.

4, Figsion Cross-scctions

(6}

_ :Th»vmatcrialsvin cuestion are Ué%&:ZS, U8§8;=28 and
element 942392 49 and somec others of lesser intercst,
Ordinary urenium cs 1t occurs in nature contains abecut
1/140 of 25, the rest being 23 cxcept for a very smell amount of 2%.
Thc nuclcars eross-scction for fission of the two kinds
ana of 49 is shown roughly in Fig. 1 wherc J; is plotted
nst the log of the incident neutron's energy. Ve sce that 25
S & cross-scction of zbout 0 = 1,5°1072% gy for necutron cnergies
cding 0.5 MEV and rises to much higher valucs at low neutron on- :
(73 = 640-1072% cm? for thermal ncutrons). For 28 hewever a ;
threshold cnergy of 1 NMEV occurs bolow which J¢ = 0. _Abovg the

thresheld Tz is fairly constant and egual to 0.7-:10-2%¢ cm2,

[{]

‘

(Fig. 1 on ncxt page)



(tncrmal) log neutron encrgy in EV.

5., Neutron Spectrum

. 1a Fig. 2 i3 shown the cnergy distribution of the

necutrons rclcased in the fission proccs:. The meaa encrgy 1s about
2 MEV kut zn appreciade fracticn of the ncutrons rclcascd have less
than 1 HEV of cnergy and so arc unable to produce fission in 28.

One can glve o quite satisfectory interpretation of
the caerzy distribution in Fig. 2 by supposing it to rosult from
evaporztion of ncutrons from thc fission product nuclcil with o tem-
perature of about 1 LEV. Such e ikaxwcllian velocity distribution
is to be relative to the moving fisgssion product nuclel giving rise
to a curve like Fig. 2,

(Fig. 2 on next page)




* is denotcd by O . It is not known wvhcther hes the
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ncutron cnergy in LEV

6. Neutron numbor

°--:'avcrag number of ncutrons produccd wuer
same
flsalon processes in differcnt materials, induccd by fast
ncutrons or cccurring spontancously.
The best va 1ue at prescnt is
= 2.2 + 0.2 .
altﬁouuﬁ a valuc V= 3 has chn roported for gpontancous

7. Ncutren capture

When neutrons arc in uranium they ere egl:zo
disappzar by another process rcpresented by the equation
28 1'1'1-")20-0-:3A
The »esulting olpncnt 29 undergoecs two succcssive R ran
Into ciements %9 and 42, The occurrcnce of thia proceys
to consume neutrons and works egailnst the possibility of
neuclron enzin recection in nmaterial confalning 23.

fission
volue for
or slow

Tiss

e

on.

cansed bto

sTorcation:z

in 23 acts
e fast

1t is this serics of rcactions, occv** 23 in = slow

ncusian fi::ion plle, which i3 the basis o2 a proicet fow
: A4
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8. thy ordinry U is safe

Ordinery U, containing only 1/140 of 25, is-safc

gz2inss o fast neutron chain because, (a) oniy 3/4 of the neutrons
{rom 2. fission have encrgics above the threshold of 28, (b) only

% of tho niutrons cscapc being slowed below 1 LEV,  the 28 throeshold
beforc they meke a fissiond.

So the cffcetive neutron multiplication number in 28 is

~ 3/4 x1/4 x 2.2 = 0.4
Evidcntly a value greater then 1 is nceded for a chain rcactlicn.
Hence o contribution of at lesst 0.6 1s neczded from thce fissionabilily
of the 25 constituent. Onc can cstimeote that the fraction of 25
must be incrcesed at leost 10-fold to make an explosive rcection
possible. '

{> i 9. liatcrial 49

As mentloned above this meterizl is prepared from
the ncutren capturc reasction in 23. - So far only microgram gquantitics
have bcen produced so bulk physical properties of this element arc
not known. Also its ) valuc hes not becn measurcd. 1Its Jr has
been measured and found to be about twice that of 25 over the whole
energy range. It is strongly X-radioacctive with a half-1ife of
aoout 20000 years.

Since there is every rcason to expect its V to be
at for U end since it i1s fissionadble with sliow necutrons
ted to be suitable for our protvlem and another project
rwerd with plens to producc it for us in kilogrem quan-

closec Tto ta
it 13 expecc
is going o
tities.

: Further study of all its propertics hts an important
plece on our program as rapidly cs sultable quantitiecs bocome -
availecble.,

10. Simplest Estimate of ilinirmm Sizc of Bomb {:ﬁf{uﬁi?njmtna)

Let us consider o homogcencous mebtcrial in which the
necutron number is V) ond the mecn-time between fissions is 7~. In
Jec. 3 wo estimrted T= . 10™3scc. for urcnium. Then if N is the
number of ncutrons in unit volume we heve

® . . _ N

N + duv 3‘ = = ~N
The tcrm on the right is the net ratec of generation of noutrens in
unit volumc. The first term on the lcft is thc rate of increase
of ncutren density. In the sccond term on tho left § 1is the nct
diffusicn current strccom of the neutrons (net number of neutrons
crossing 1 cm@ in 1 séc ncross a plene oriented in such a way that
this net nuaber is maxirmum).
. In ordinarr diffusion thcory (which 1s valid only
vhaen o) dimecnslons of weundearies arce lorge conprrcd to the metn
frce path of the diffusing particles - a condition not fulfillcd
in our crse) the diffuslion currcnt is proportionel to the gradicnt
of K, .
g = =D gmred U
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el " e _ 1)
whers 1 a-the dirtusic.. coefflcient ( em©/sec) _
Hences we have ’ E

N =Dan ~ (XN
Assume 2 solution whose time dependence 1s of the form
= vt
NV = N (x,y, z) @ /T

. . .
vnere is called the "effective neutron nuuber'". The =quation
to be sztisfied by N, 1is

— V' +v—!
AN, + —5t2=— o, = O

together with o bohﬂd"ry cordition, In the siwmule cane in wnich we
are deeling with a sphere of raQius R, we mey sippose that N, is
spbericallj symmetric. .
At r=R we would have, on slmaple theory N, = 0.
(In point of fact N,>0 due to the effect of the mean free path's
"mt being small compared with R, but this will not be consideread
here). For sphericel symueiry the equetion for N, has the solution

N (r) = St TTr/R.

—— .+ ¢ c— - — —

o ’ 3 b
provided that ¥° has the value !
S\
! =
vi= (v-D 7DT/R

This shows that in an iu-‘ﬂLbC‘J large spherc neutren densliy

would build up with the tinme con3unnb p}—l\/" . Smaller spherecs

bulld up less rapldly. Any sphere so smcll that V/< ¢ is one for

nhich tihhe neutrons lenk out the surface so repidly that an initial
n3lty will dic out rather than build up. Hence the criticail recd-

1us is given by —~ D
1\ C — _._\_)_: -I——-

Now U is glven by D=32v/3 whecre > i3 the transpor
mean frce path, ¥ = |/ndy , n is the number of ni .lei per cc and

® Ci: = Loz + [{0z(41-ccs Baw
which brings out the reesson for measurements of the angular scatter-
ing of ncutrons in U, In metallic U we have 2
- 2.9 2 18y .10 °
Te = 4- 10 eam?, e
wnich, for a density of 19 gm/cm®, gives 2 =5 cm. 2. 1% 95/
AlSOA . 3 . N / Cm?
o P
—~ { ’_0 G‘ - L2y
| = N o = 2 o So T DA:I} st Op - s B8
JFU— v Of 3 X — ‘_{(i.o' _j"’ s
'3- - v
[ a SR ]
morelone 5 .
l N Tl /1')‘- _‘2_-_22 = {22 — cy —
A1 \e — 103 — e tnmd We T 14,5 ey

Thin etz oal o volums 1s therzlore 10.5+109 oo giving ¢ critical
: g

.



Execreloas
Show that if the gedget hos the shape of a
cudbe, CAx<a, o<y<a a2l thee th: eritleal
. velue of 2 is given oy = 5
€. “ 2 a = Y3 RKe
h Henee the criticel mass for & cublcnl shape 1s
35/@67!” /.24 timcs as greet as for a spherc.

, The value of the critical mess is, however, coa-=
aiderably overcstimated by the clementary diffusion thcory. Tne more
caact diffusion theory cllowing for the long frce path cropa Rc by &
factor about 2/3 giving

. The elementery treetment just given indicotes ths
dependence of !z on the principal constantis :
M i ..L. : ’ .._—-ﬂ %’Lt‘;c{v( <
oy 2 Lop gy (v-]177% ‘

¢ A
waero % 1o the density. For R-= R we haove the time drpendence of
nautront multiplication given by '(v~”f4t4-'R°Y},/7‘

e e

ficnee Tox a aphnere of twice the critical mass the time_consteant,
fam multinlicetion of neutron density byeils 2.4 % 1079 so6.

11l. Effect of Tempoe

H

- if we surround the corc of active meterial by a
shell of inecctive meteriel the shell will rcflect some neutrons
+hicn would otherwisc cscapc. Therefors a smaller qurntity of
nctive meterial will be cnough to give rise to an explosion. The
surrounding case is called a temper.

The tempcr material serves not only to rcterd tho
escave of ncutrons but alsc by its inertia to rctard thc cxpension of
tho mctive materici. (Tne rctardation provided by the tensile
strength of the case is negligible.) For the laticr. purpose it is
desirable to usc the densest availeble materials (s, Vi, Rc, U). Pre-
sent cvidencc indlicates that for ncutron reflecting propertlcs alsec,
onc cannot do better then usc cthesc hcavy clemcnts. Neccdless to acy,
o great dcal of work will heve to be done on the propoertics of tamper
netcecricls,

Vie will now analyze the cffect of temper by the

game apdronimate diffusicn theory thet was used ia the preeeding
scctlon. Lot DY be the diffusion cocfficient for fos¥ ncutrons
in the tompe? material and suppcese the lifctime of e nautron in tre
tamper iz «/%" . Here o = ﬂ'mﬁp/“nO? : , with 7! the nuc-

¥
i

e crosg-gectlon. IT
temper) the abzorption
i3 reduced by a factor (1 -V}, with Vthe number of -
Jduced per canpoura. N

A9 thu boundary between actlva natoxinl end temper,
e QLT nton ouisam of nuutrans must be continmous 6h

1 Aensity of the tampor ond oge,, 1ts cept
amocr materinl 1s 1tzelf fissfonable (U
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In the Lampes trn. equation for neutron denslty is T
Va —_ / O
N = DOAN - SN

or for the spatial depcendence,

/
AN ~ YZE N =0

As an casy 3pecicl cnsec suppose the tamper has the
same neutron diffusion coefficient as the aztive materi-l (i.s. the
same moan frce path) but has no absorption, so o« =0. Then under
critical conditions (\’~0) we have

N = Alr -+ B

in the tamper material ond
Sm ki
® N, = D
in the active material, ,
At the outcr boundary of the temper, r = R, we

must have N/ = 0 hence o A (_’ / \
Py = r = g

Cn cach zide of the boundary r = R between cetive material and tamper
moterial, the slopes must be equal so, equeting the densitics and -
2lopes cn beth sides of the boundary we find the follewing cquation

to deternins k

In the limit of a very lerge temper redius R'— oo

f2 = T/2R
vhich 1s just half the value 1t had in the cose of theo unteompered

gedget, Hence the critical mass nceded is one~eighth as much as for
@thc vare boro.

this requires that

Actuclly on better theory the improvement is not

as grect as this because the edge effect (correction for long free
path) is not a3 big in this cose as in the bore bomb. Hence the
improvenent of non-gbsorptive ecqual diffusion tomper over the critical
12338, both handled by more accurate diffusion theory only turas out

o o a feactor of four instead of cight.

Exercise:
Consider a non-sbsorptive tamper matorial for
which diffusion cocfriciont D’ 13 small ccm-
parcd to In the 2imit il B/= 0, no neuircns
. 'eould esc from the active material by diffusion,
g beuBO-tHe ¢ cl radius world vanish and gay amsune

e ey g B A Sivo ¢ would be cxploaive.

; e vd o lated By e
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“*T6 et an idea of the lLaprovesent obtala~blop
'”fr'nhtanpcr saterial of shdrier mean free patl
'LuuAM the achive h&u(IlIL shiow: that 10 D ==
thert” the eritical macs is 1/2.40 Limes
ir. the case of thlek tamuer (H7= o2 ) 10
From this we sec that 1t would bz very mu
while to fiad tauaper materials of low dii
coelficliaent.

(it turas out thot =R 1ls a root of
*oUs S = {4=D7 D> S X
whicrk is 1.17 cporexiwatcly when D’yD = 0.5.)

t macerizl iz abgerptive then the
1 i e Ts
7

instead of 1/r waich tends to nales the eritical mass grcater than
1f tnhe tamper did not abserb.

W < The distance thic neutrons get into the tampnr

&

neutreon density in &

.

3(I-v.) wiere ¢/ is thec wmemn frec pach and S the nrumber
ions beforc c“n“ ire. Gueasing s ~20 this gives, with
1’-:S?.ﬂ an effecctlive tan

l'

, mer thicknecss ~~ 13cm.  For a U tomper
Ve~ 0.6 » =nd tho ef”n“ ive thickacss is raised to 17 cm. These
figures give en idcza of the tamper thickness &ctually requirced; the
weirpnt of the tamper is cbout & ton.
. For & normal U tomper the bost available calcule-
tions cive Re = 6 cm and @i, = 156 Kg of 25 whilc with AW tamper
. = 22 kg of 85.

“he critical mass for 42 mlght e because of 1ts
larger fission cross scction, leoss than that of 25 by about a fac-
tor 3. So for 492 .

I 5 Kg for U tampcr .
LI 7.5 Kg for Au teamper.

Thcese velues of critical masses are still quite
ncCrtain, particularly those for 42. To ilmprove our os 1m \tes re-
quires a better knowledge of tlc properties of bomb materials and
tamper: neutron multlal¢cqcion number, clastic and inCl&SELC cross
sections, ovcrall cxpcriménts on temper metericls. Finally how-
ever, when materials arc available, the critical messcs will heove
to be determined by actusl test,

12. Danage

Scveral kinds of damage will b2 caused by the
bomb,
A very large number of neutrons is rcleascd Iin
the CIplOaiOﬂ. Onc can estimete a radius of sbout 1000 yards around
the sitc of cxplosion es the sizc of tho region in which the ncutron
concentraticn 1is greot cnouch to produce severc pc.thologlecal effccts.
Ynough radioactive mnterial is produccd thoat the

weebobalo antivity . will be of the order of 108 curlcs cven after 10 dayise

(nlr

vt 1)

g wowankocrveet this will have in rendering the loca]‘tv uninhabl-
tab) Lo Sly ePeatly on vory uncor Ln Ln -Leatorns Bucite Bie way in
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whaleh thie 1: < spw({:'zf.fi br tho cxnloa'g‘l. Howovor the total
amount of rodiocctivily yreduced, cs well os thie Latnl nuisber
of ncut?anu, iz cvidently “"O)OAuLOﬁLl just ta the nuab.r of
fission processes, or to the totzl cnersy relunsed,

The mochaonierl cxplosion dzmage 18 caunacg by
the blast or slhiock weve. Thne explosion starts acoustic woves in
the eir which travel withh thz seoustic velsclty, ¢, syvorposed
cn thic wveclocity u of the mass motion with LhLCu runherial is con-

vected oui frouw the cecnter. Sineo cf\/{?: vhere | 1o the wbso-
lute temperature and since both u nnd ¢ arc gronter farther back
in the wave disturbznce i1t follows that the bucle o' the wave over-
talkkes the front and thus builds ur o shorp front. This ls cessen-
tially dizcantinuous in both pressurc and d-isity.

/\QQo“

/ )
S I
—-ﬁ-’.( SN N —. == = e e e o e e

Lt has bcen shown thet in such a weve front the
density just beching the front riscs abruptly to six times its
value Just shead of the front. In b.clk of the front tnc density
f2lls down @Qanulully to zcro.

If £ 1s the total cnergzy released in the explosisn
it hrs been shewn that the maximum veluc of the pressurc In the

wave Iront vories as i
M ~ E/pr°

the meximum pressurc varying s 1/r?® instcad of tlu usun~l U/Fl
becouse the width of the strongly compressecd region incrcasos
propcrtionally to r.

This bcheavisr continuzs as long as is greceter
than about 2 atmospheres., Ac lower prcssurcs therce 1s a transition
to ordinary acoustic bechavior the width of the pulsc no longer in-
crcasing. i

If destructive action may bo rsgarded as mensured

by the maximunm pressure amplitude, it follows thot the rodius of
destructive actlon produced by an explosion varies as 3/Z .
fow 1n a 5 ton bomdb, containing i+ ton of THNT the destructive radius

is of the order of 150 fect. chcc in o bom» equivalent to 1000C0
torﬂ of TRT (or 5 kg of cctive material totally convurtﬂgl one
would cxpect o dpstructive radius of thc erdecr of ;”oop-~ ﬁlgo—(/<;‘
fCuu cr about 2 milcs.

This points roughly to the kind of rc¢ults vihica

e be expected from a chi;C of the lind we hope to male. Since
the cire factor that determines the uh“agc i3 tnc cnergy rcelease,
our ain i3 eimply to get as much cneryy from the explosion az vic
can And siace the materinls we usc are very prccious,‘wc D0
Cams s inequtgvﬁy this with as high an e¢fficiency a3 is possible.



Ags remarked in Seec. 3, the meatericl tends to
blav os2rt as the rorcsuion procceds, and vhis tends o svop tno
reacsion, In goneral thoen the recetion will not o to completion
In an zetuel goadges. The fraction of cacrgy relctsed rolative to
that which would be ralcosed if £ll active mobterial were trans-
formca is czlled tho gificlaney,

Let T{?:;'cfffwcal r=dius figured for normal den-
alty 05, , 2lso Ko initinl redivse and R = radius at a particular
tnstant. Assume homogcncous cxpansion. Then the density when
exnonded is

(Q ( R{) s 3

and the ecritical radius RC flpur »d with the actual density @ is

ﬁc = QC“\OU/Q,l = Ny
ction will procscd until cxprnsion his gone so far that  >=/f
nerefore the radius R nu whlch cxpan51o stops 1s

=
glven by NIRs = V ro/‘\co

Since the ratio of RelNevis cgual to the cubc root of the ratio
of M, », the actual active mass, to Mthe critical mess we sce
that ‘

2/ _ o/

’\/[‘Q = k{(' fv{o/N\cQ
and therefore a gadget having twice the critical mass will expand
to 2 racdius only %'Z = (. |2 times its original radlus belore
the rcaction stops.

Ti.c neoxt preoblem 1s to find 2 simple expressio
for the time tcken for this cxpansion to occur, since we alread
know how to calculnte the time constant W/ of the rcaction. 00 -
course V/ 1s not a constant during thc cxpanolon since ity valu
depcnds on the radius but this point will be ignored at _first.

. At o place where we have N ncutrons/cmd there
will be /7 fissions/cmd sce cnd therefore if £ 1s the encrgy
rclease in erb/fission the volumec rate of encrgy genera tion ig -

(u/7‘ N . Hecnce the total energy relecsed in unit volume

betwcen 16 —CO d tim t 1 i
ety time an ime s W o= (2/\)/)Jﬁf e)) [T

Most cf this encrgy goes at once into kinetic
enerzy of the fission frogments which are quickly brought to rest
in the moterial by cosmunication of their cnergy largely to thermal
kinetic cnergy of motion to the othcr atoms of the active stuff.

The course of events is shown in Fig. 3. The
units on the scele of abscissas arc units of V/&/7 . If therc
was rno expansion, and i1f the ratc of rcaction toward the end wvas
not sloved dovn by depletion of ﬂcuivc material, then the cncrgy
relecsced up to a given time in crg/emd would be given by the valucs
on the unper logarithmlic scale. Tihe plrecs on thils sceale.markes.
10055, 1055 and 1% rcs “OpuL"&lj show the cnergy relecascd in unlit vol-
um2 for thesc thrce volues of the efficicney A sccond logarithmic
SC“lu shows the growth of thce ncutron dunulty with tlmc under these

ASSLmREL QG et ot uted



- B i ——— e —— e s ——— = —

.’ et s -

,"A\

! I\"\I e
Lt
b J

s))oN preg —>

cF Vit 7 /(;uqm rll'/J//Tn/'y).

(0% pressure *

—

v
] P
™~ \.{«f'.""/\. s
™ N | i,
N R TERE i
P A
>N ; T 1
- o ] gty : !
. Q ;' o .- ‘- ]
2 DA B #
BN e T3S '
s, - N .\
P Pt
3 - R U5
5 o) ~ e g ax
> >
~ = <, \.',\
) H RN
— x %
: I T L
“
“—
=
-~
'n‘s

21185 4’(:/ i

- e = e i cwm o m—— el

b
75 ?:",".j i .
"’-]LLZL.L__L_J_I-_L‘_L'__J._J_..J_L' ' R 1‘

:_-J /U Z(./‘

C

L_J(lLllLLJ‘l’

o0

| S—
~
of



Lo

Lt can be ¢oleuXried thvt ths pregssure in mixos-
“Dc'hlj lih” e V"ucs clver: on the third scolce.

»ziow 1047 cr~/end cvolved the radiatisn presours
pressure., alter that radiantion pressurc poo-

ilecar 1010 ¢crz/em? is the ploce whore the solid melbs

Ehisg B3 nothing wvzry drastlie nas n:pncﬂ*‘ - the impor-
cant phnsaswmens occur in the next 20 units of y) (/7~ .

Very roughly we nmay cstiﬂ‘tc, nsg follows for
rmagsses net much larger than thu eritical ness, the combinacion of
factors oa which the cf fficicncy dcpends: In a time of the order
7‘/U} crnz material moves from Ro to R so ccquircs a veloclty

Vo~ (v/T) (R Ro)

. R""T‘O - ‘l“éB'F\?Cu

The kinetiec energy por gram that is acaguired by thp mnterial is
Ut/ 2~ a(V/TE e R

The totel cnzrgy released is grc,tc; in the order pPV + r:d\f

or 2/3a .. Let € =7.1017 erg/grom be the cncrgy release for

completec conversion then the ul;lClCHCJ 1s of the order

or =~ (M¥eT?)(a¥/a) RY, (2/34)
Fo= (MO (Ve T Rie &

For on unu«mocrcd gadget

¥riting R = R¢,(1+ Q) we find that

v~ z(v—i)a

giﬁing o
"f = EL 1) R 3
‘ 5~ A
Putting in the known constamts 7~ 77 “"_m“g-—
£= 710" T= 10 Re =

¢ £ind
'E‘" KQ w‘Lﬁ l\:‘.l

. If this very rough calculation 1s replaced by
o more accurate one the only change is to alter the valuc of the
coefficient {q.K.The calculations are not yet comple te but the
true value is probasbly K=~ s+ % .
Hence for o mass that is twice the critical mass,
Tlo"—/—-qz so (>~ 0.25ond the cfficicney comes out lcss
than 19, We sec that the efficicncy is extremecly low evcen when
thle mucn valuable material is used
- Hotice that -~ varies invcersely as the velocity
of the ncutr-ons. Hence 1t is advontageous for the ncutrons to be
fast. The efficicncy depcnds on the nuclear propcrtics through
the factor _5 —_ }’_:‘.’1’;12 fer3 AS

3 (o)
wacre V L3 the mean spced of the neutrons «iid the other symbols
ol

aro alreody defined.
In thc above treatment vie hove considercd only

the cffect of the general exvansion of the bomb matcerial., There

g8 on addltional effecect which tinds to stop the reaction: qu the
regourc btuilds up it begins to blow off material et the outer cdge
D A + XN PN DL I;,u:tuvng out to be »f compmaradle importance.in

A Il
s
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g & ge terior,
Howe £ cificiency can be shown to bz un-
casiswe A ocrm; the edsze ezpansion manifests itsels simply in

a recuctlion in the constant K. The effect of blowing of'f the edy
has been elrcady taken into account in the more accuracc estimate

of K given above.

1i. Effect of Tamrer cen Efficiency

For a given mass of active material, temrcr always
€ases elfflzlency. It acts both to reflect neutrons lack into
aciive material and by its inertia to slow the expansion thus
giving opportunity for the reaction to proceed farther before it
tcpped by the expansion.

Hovever the increase in cfficlency given by a goond
© 1s not as large as one might judge simply from the redve-
ion in the eritical mass produced by the tamper. This is due
¢ fect thet the noutrons which are returned by diffusicn
into and back out of the tamper take 2 long time to return, par-
ticuvlarly since:they are slowed down by inelastic impacts in ths
tamper material.

_ The time scale, for masses near critical vhere
one has to recly on the slowess reutrons to keep the chain Ealve,
now bescomes effectively thc lifotime of neutrons irn the tamp:u:,
rather than ths lifetime in the bomb. The lifetime of neutrons
in a U tamper 1s~~07%., ten times that in the bemb. The efri-
ciency is coasequently very small just ocbove the critical mass,
So to some extent the reduction in critical mess is of no use
to us. '

. : One can get a plcture of the effect of tamper on
efficicncy frem Fig. 4, in which U V/1is plctted against bors
radius for various tamper materials. The time zcale is given by

T/’ 3 the efflciency, as we have seen in the preceedin
section, i3 inversely proportional to the square of the time
scale, Thus +f . jiz.

Fig. 4,

vV—/ |

Lo o™
< I
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& (U) the efficlency is very lo ncar the
5 Eh sinll slops of the Vv ‘J:.;.-( curve noar
s2a 2 wmass gulficiently preater then the

d efitcleney there is not very muashidiffcr-
Aua as bLanpner naterials,
urns ouv that if ons is using 4 I~ and the

bout 153 more active material is needod
th a goldéd temper, althicusl the

a2 [
- T +
zrgy rclcecase wi
29
¥

) ing nautrons, the taan:r
s endency of the sdge ¢f ke borb te blay off.
ands into the tomper meterial, starting a shaclh
ompresses the temper metoricl sizteenfold. Thse
as remnarxed in Seec. 13 clways act to reduce =h
factaor A in thc formula, f::}([§3,but not by as great on criount
ir. the case of tamped bernb as in the casz of the ‘untamped bemb.,

15. Detonation

Before firing,‘ghc active moterial must be cis-
posed in such a way that the effective ncutron number }/ 1=
ess then unity. The act of firing consists in producing a re-
arrangcaent such that after the rcarrangemcnt y/ is greater than

is problem is complicated by.the fect thei, as
>

we have secen, we need to deal with a total mass of actlive material
concicdaerably greater theon the criticel in order to get apprecciabisz
efficierncy.

For any rToposed type of rearrangemc nt we may in-
troducs a coordinate ¥ whlbn changss from 0 to 1 as the rear-
rangement of parts prloceeds from its initial to its final value.

/

V

—~—

-

Schcmatically v/ will vary with ¥ along some such curve as is
indicated in the sketech. Since the roarrangcrment procceds at o
finltc s;ccd Chere will be a finlte tlme interval during vhich
V' thouzh positive is much smaller than 1t3 final valuc. ..o
gonsidered in.mdre detail 1l-ter there vwlll always be somo un-

e L ISP



v

16

voidnblc sources of noutrons in the active moterial. 1In any
coms of rcarrangement some foeirly messive amount of material
A1l wave to be moved a distance of the order of YPC'\J 10 cm
Assuning & speed of 3000 ft/scec ccn be Impartced with some cy
of gun this mcans that the time it tckes to put the piceccs o
the bomb togcther iz ~ 10-% scc. Since the whole cXplosion:

iz over in & time»?S”ﬂw't’Efscc, 7¢ sec thnt, except ov very

- V
sm"IIV’(v’agl}, an ¢xplosion started by o odremature noutrean

o

)
.

> T o

pe
T

will be all finished before there is time for the piccus to move
an appreciable distance. Thus if ncutron multiplicatic:. hrgpons
to start bLclfore the picces reoch their final configuratica rn ox-
plosion will occur thaot is of iower efficiency corrcsponging to
the lower value of at the instent of explosion.

To avoid predetonation i+t is therefore nccensory
~o0 kcep the necutron boekground as low o pocsible and o crfect:
the rearrangement as rapidly .s possible.

16. Probsbility of Predetonation

Slnce it will be clearly impossiblo to rcduce the
neutron background rigorously to zero, therc will elwayes be some
chance of prcedstonation. In this section we try to sec how great
this chance is in order to sce how this affects the Tfiring prch-
leonm,

i
likelihood of & ncutron appeering in the active mess waile V/ 1is
still small end cn the likelihood that such a neutron vill rezlly
3ct orf &« chein reactisn. With Just a single ncutron rcisersed
wnen st is Oy no mcansg certoin thot a chein reaction will
start, since any particular neutron may escape from thz active
materlal without causing a chaln reaction. -

The question can be considered in relatlion to a
1ittio gambiing problem. In tossing loaded coins suppose p is
the probadility of winning and q thet of losing, Let P, be the
provabllity of losing all of an initial stock of n coins. On the
Lirst toss eithsr one wins and thus has (n + 1) coins or loses ecnd

2us hag {a -~ 1) coins. Hence the probatility Pn 1s given by
. Pa = P’Pr\.'., + q 'p,.,_'
the golution of which 1ga »

‘ Pn = (Cz /)7\“
Identifying this with the ncutron multiplication prcblenm cne can
show thut 4/p = I— v/, Hence the probability of not stariing
& exdlin reaction with one neutron is (L = v’) or U’ 1is %he prob-

. -

The chonce of predetonation is dependent on the
A

ebilivy L.t any ene neutron will start a choin reaction,

— Suppose now thet thero i1s a sourco of I noutron
see, Lot Pl he the protabillity of not getiting a predotonaiion
Up to the instant t. In the interval 4Gt we havo

;s - - /\,d “L \)‘ .;‘_7

Sn the 1ulc the first throeo factors together give the pirobability
38 meinc SO0 tima d%, and tho Yactor P 45 tha probability of not
LEV S aseadetsnatlion up to that timo. 2

: Mear the valive ‘=) wio Ay suppoas choebh VYV yarias
ot sime, ¥/ oE, Lence, intagpatin> i Gafe ranviag
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M PR T 7 G % P =Y. -, R
abe 2 o necubtrons expoctoed In thie Lotedvnl

J = 0, and the time when the mualtipliciian
U he waluce W/, Evidently for a paprtisnlor
t: . svrment M will vory inrersely os the veloac-
L8y wite whilc tho firing reorrengoemncnlt iaz corricd out.

For cxnmpnle considcr o bombd whass mass is botween
two ard three critical maczes, for which the £incl volue of VY 1s
0.3 znd suzmnse thet N o= 10% ncutrons/zce from unavoidrole
sources. 4159 sundoss that onc plece must mave g == 10 cnt Ironm
the v/ = 0.0 configuratiosn to thas finalv’' = Q.3 confimuroti .
Supposc that this plece ans a velocity of 10° cm/sec than & = 1
D.I".Cl == 01/6‘

-y
1

€

re is approximately a 15% chance of procetonetion.

Tnis is the chence of predctonction any time up to
that ot which the final velue of v’ is rcached. In this xmiple
the exponcnt is small enougn that the chance of predectonation,

(L - P), is given by the lincar approxiuwctiom.

(1—=PY = > NV
Since ths cfficiency varics as yi? one will get an cxplosion of
leoss then of the maxirmm if it goes off before v/ hos rcached
tne voius 0.3/¥3 = 0.19 ., Hencc the probability of an cxplosion
giving less than 259 of the maximia value 1s

(1973 =05 = &Y

L
Q
.St
o

The examplec serves to indicate the importance of
telzinz great pains to got the lcast pogsible ncutron background,
and of shosting the firing rearrangement with the maximun possible
veisclty. It scems onc should strive feor a neutron background
of 100C3 neutron/scc or less cnd firing velocities of 3C00 ft/sec
or mora, Blth of these are difficult a4 attainment.

or
17, Filzzles

The question now arises: what if by bed luck or be=
cause the necutron background 1s very high, the bomb goces off when
v/ is very clase to zero? It is important to lmow vhether the
enexmy will have an cpportunity to inspect the remoins and reccover
the motericl. We shall sece that this is not a worry; in any
even:t the bomb will genoratc enough energy to complotely destroy
itSleo '

Tt hes been remerked in the last section thaet for
very smcllV’ (v'<.e]), the explosion takes so long that the
plcces do have tlmo to move &n epprecicble distance before the
reoctinn ends. Thus cven if o ncutron cnters and starts a chain
just whea V/= O there will be timo for V! to risec to a positive
valus, and give an efficlency small, but greater tnan zcero.

) Supposc, then, that a neutrsn is relcased vinen
V’= 0., e number of neutrons builds up according to the cqua-

S et
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As o first eporoximation we may supposc V' verics ascarly with
! s+ the plecea move from the point vhee V7= ¢ 5, S0

T i VT N x/de)

¥ g B SN value o7 Y ushen the plegos TanchlElniiv L
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wlinloconficuration, ang Ao 15 the distance 9
veaition, I the velosed ¢y of firc is V. %e¢ have na=vi,
o

l- y .
/Q'f‘\ _/\/: j'.) O /Tyt = ZL_ .g“_’u: &

SUPPAse the reaction continucs until abeaut 1022
n-utrens are praducced, which would corrcspsnd tn an cnuecrgy pro-
duction ecguivalent to 100 tons of THT, Then, at the c¢nd of the

Ln N = L 107 = 50

Tee

e cn check this assumption after wc have complcted our esti-
mate of the energy release, However, since the nal nember of
neutrons enters onlt in the logarithm of a lzrge numter, »ur re-
sult 1s quite inscnditive to wvhat we teke for I at thiis point,)

Thus the reaction ends when

N, i
o e = ; T
The efficicney is . PP, = L)}\b LA
j:' ~ L 3 \)3/1( E_‘_Yz_ 3 o
2 - S5C0U 2 L | \
Using the same figurecs as in the precceding section \\\
3 V=S 4. -0 \We fing : -5 h
>)v_(¢,1040 ;_; 8 < 1O

The mass of 25 in_the bomb i3 absut 40 kg. The mass uscad up iz
thus ¢ « ¢ x/cjh’:ﬁC3k¢ and the cnergy rcleose is ,003 i 2000Cc=
60 tons of TNT equivalent, ample to destroy the bonb,

18. Dctonatine Sourco VoK,

To avsid predctonatisn we must rake sure thet thers
is only 2 smal1 Prooability of a neutron eppearing whilc the
Plcces of the bomb ore being put together. On the other hand,
vhen the pieces reach their best positiosn we vant to be very sure
that a ncutren starts the reaction before the pieces kave a chance
to seperakte or break. It may be possible t5 mnoke the projectile
scat and stey in the da2sirad positian, Failing in this, or» in
any event as extra Insurance, another pP28sibility is ¢5 provide
4 Strong neutrsn source wnich becomes cctive as 399511 as the ‘
Pleces ¢ome ints pisition, For example one mighst use a Ra + Be

=7 L which the Rgqis on »ne Plece and tne Beon the sther 50
- sye o only nroduced when the Pleces ars cloce tn the DLD-

LVC pozsition,
Ve can casily estimate the strength of ssurce ro-
Quircd, " Arter the source starts woriting, we vant o hizh probabil-
ity & foantlon befsre the Picces have tiwe i KdVa mowe than
SAY L oo This mecans that N, %he neutronz/cec fram the souren
o G T3C enzuzgh thath

l N y U / P o _—
< e <§ai)

e R S . ™2 e
reacit this config-

N e
= 76y Yy ats

et B MM A mee s e —




dhia is Lhs yileld from 1 ogr KO intiantely wlxed
with L& liernce 15 wmicsht be neeessary o rige sover 1
pronis ol gtnee 15 i1l probrbly noat be usced ef Slelembly
in tlii ZRUTCCa

Sy othér substance such as poloniun thot 15
not s a%~nctivc .5 rodium will probebly prove morc sntisl:ctory.

Evidently o source of this strengtn that can be
actlvated within about 10~5 asce and is mechanicrlly russed ensuzh
ts stand the shocks associnted with firing proscents o dilfficull
prableri,

19. N8utron Backgzround vV oK,

There arc three recognized sources of ncutrons
which »nrovide the background wnich gives rise to dangcr oF
predztonatisn: (a) cosmic ray neutrons, (b) spontencous fission,
\¢) nuclecar recactlons wnich praducc neutr:s.

(2) Cosinic Rays. The number »f cosmic ray nzutrons
13 cbount 1 per cm< per minute which 1s tas few to be »f any im-
portance. )

(b) Spontansous fission. The spontancius fission

rate 13 known only for 28 which is responsible for the fiselon

activity of ordinary U. At present we have oniy upper 1linits
for 25 ond 49 since the activity of these has not been detected.
The kn»own facts are

n - 2% g wurs K’ newbiems /.'55 cee,
A% A . : 2 g = < ,_S‘O ”»

Zga?l’\/& < 49 It < SCco M

It i3 considered probadble that the rates for 25 ond 49 are muchx
smaller than these upper limits. Even if 25 cnd 49 werc the same
as 28, o 40 kg bomb would have a background from this source of
600 neutron/sec. This does not seem difficult to beat.

But if U is used as tamper this will welgh about
a ton which gives 15000 neutron/sec. Of course not all of these
will get into the gcctivo raterial but one mey expcct a background
»el thousand per second from thls source,

Thus with a U tamper one is faced with the problen
of high velocity firing. In the range nf moderctely high cf-
ficiencics, say 4 Me »Ff active material, it might for this recoson
not be worth while to vse a U temper, since as we Have 3ecan, on
fnactive tampor will cost only about 159 more active materiul,

Or »ne wisnt use a compromisc in which the tomper was an inner
loyer oFf U, backed up by incctive matceriel; for mrases this large
the ©i e 13 a5 short that ncutrons do not heve time €> pen-
etrate n han abnut 5 em Into the tomper anyway.

of severca

anal
~) s

A
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R
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(c) Miclear reactiosng, The only iwm-sriant reac-
tisna are thc(wngvouctiaws i Light elementu uirich mipghv ve prue
Sgent ag Imnsuritlca. The (¥ nxrcactionu have a negligible yleldd,
R © 5
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Lot us examine whet sort of limit on light elemeant Lmpurlties
in the active material is scot by the need of hclding down the
neutron baciground from this source.,

The problem is particuvlerly bad for 49 Sinca

its
half-l%fe is only 20000 years. Its mean 1ife is thus 20000 yezrs
= 1012 sec. Thus 10 kg of 49, containing 2.5 x 1029 nuclel
gives 2.5 x 1013 X ~-particles/sec.

The yleld from Ra X's on Be is 1.2 x 10-4 and
the shorter range from ™'s of 49 £s compeored with those of Ry
end its equliibrium products will perhaps cut this figure in
nalf, say 6:10~5S, Since the stopping power for ™&'s of these
energles is proportionel to VA vhere A is the ctomic weight,
the stoppling power per grom is proportional to 7 /AT,

If the concentration by weéight of Be in the ac-
tive meterial is C  then the yield of neutron/sec is
! . {im'c‘,\/u“-
vinere P‘Q\is the number of o« 's per second rnd is the yield.

Hence to get 10000 neutrons/sec one would nced td have a concen-
tration given. by

ﬁ%‘)/g R .g‘.lo's, G = [0-5_::, IOQr
vaes 1s ¢ A .’O'_Q—' Z

S
1

n 5 dLl Course, a very low conceniration of anything in any-
thing else

>

5

e &g

e yield <drnpa repidly as one goes to elements
of higher atoanic we Ght becouse of the increacsed Coulomd barricr,
So it 13 unnecessary to consider 1limits on elements beyond Ca
s lonz as ordinary standards of purlily are rmaintained.
Experiments on the yields with light elemeonts

?

reed to be done, Ons czn base goms rough guesses cocn the standard
berrier penctration formules and find the following upper limits
on the ceoncentration by weight for several ligat elements fuvh.®
production of 10% neutron/sec/ 3 @A

.

e

2 x 10-5 -
=30=% 1O

2.10-86

2-10~¢

2 x 10-3
2 x 10-5

~ Low wioid bocause cnly ¢13 contributes.
\

6

(]

HoZaQwwi

= (2~ rouction not cehergetleolly possibla,
SRR Lo Tn2lé bzeause only 017 contributes.
w0 elfeet of several impurities similtancously prescnt.is of
Curss adiitive
i1t ie thus 2ecogaized that thoe Sruparation and

Sandliny of the <9 in such a YAy Lo to atinain and malniain suel
s T PeST 2o Bn Catiomaly Alifviouls prenlome Aund
=% L3Ges Lvr ovsabablie that Lho neacron wacipiound will by bLain
TG TReel s ndel veloach her £ rAng will Da deslonbi s,

jt VLR BS Dye slinition is pmad 4 i "

S (el fron g T SITIITRED o I+ all
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R
conczotrnilon of lepuritles in 25 way ou 107 timcs that .in 49
Loy & sime boeckground, which is not at all Qifficulb of attain-
>y 4

To summarize: 49 will be extremely difficult to waric with
frowm the stond-point or neutron background wherecas 23 without U
Camaer will be nobt very difficult,

20. Shooting

the problem of the

We now considsr briefly actual mechenics of
shooiiag so that the pleces cre brought togeciher with a relative
velocity of the order of 10° em/scc or more. This 15 the part

of thec jobL 2boubt which we know lcast ot prosent.

\\\ ‘One way is to use a sphere and to
\ shoot into it a cylindrical plug -
made of some octive material and
some tomper, as in the sketch,
avoids fancy shapes and g£ives the
mo3t favo le shepe,for shooting; to the vrojccted plece whose
mass woul e o' the ordzsr of 100 1lbs.
Thic highest muzzle velocity aveilable in U. S. Airmy guns
is onz vhese'bore is 4.7 inches and vhose barrel is 21 feet long.
This gives a 50 1b. projectile 2 muzzle velocity of 3150 r't/sec.

The gun weizhs 5 tons., It appears that the ratio of projectilec _
mesz3 to gun mass is absut constent for different guns so & 100 ib.
projectile would require a gun weigning about 10 tons.

m»

PV

1c welgnt of the gun veries very roughly as thc cube
oclty hencc there is a high premium on

iIiTc,

1 using lower vel-
T

fLnolher possibility is to use two guns and to firo two pro-
o

jectiles at cach other. For the same reletive velocity this ar-
rangement rcaulres about 1/8 as much total gun weight. Here
the worst

difficulty lies in timing the two guns. This con be
partly overcome by uaing an clongeted tomper mass and putting all
the active meterial in the projcctiles so it goes not matter
cxactly where they meect. Wec have been told thot ot prcsent it
would D¢ possible to synchronize so the sprcad in places of im-
pact on various shots would be 2 or 3 feet, Onc serious restric-
vion Imposzd by these shooting mcthods 1s that thc ninss of ective
that can be gotten together 1s limited by the foct thet
0 spparately must be non-explosive. Since the zeparcte

not of the best shape, nor surrcunded by the best tam-
al, onc is not limlted to two critical masses for the
_boub, but mignt perhaps get a3 high as four critical
masses. However in the two gun scheme, 1f the final moss is to
ve ~o e, cocn picce scoerntely would probably bs cxplosive n
sooa as 1T entored the tempsr, and better synchronization woulad

¢ IS soecmg worihvhilo to investigate whether oreacnt

wmight not be Sunroved Ly a factor tene.
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X ~lons on the miss of the bomd cen, be circume
ventiod Gy using pleces of shape more difricult ' to shoot. For X
emple a Ilat plate or cetuel motericl tomped on only sno side, hea
a2 minimun thickness below wnich it caon no longow support o zhecin
reactiion, no matter how large its area, becruse of ncutron lecke
CEC fcrcssg the unteamped surfaca, I two such Pletes wero slis
together, unbamped surfeces in contees, tho resulting arrcagensnt
could be well aver the criticel thickrcss for o plate tzmped on
both sic

c3, and the mass weould depend only on the arca of the

Calculeotions show that the critical irass of a well tamped 4.

spacroid, whese major axis ig five times its ninor axis, is only

35% largzer thaon the criticel mzss of o sphcre, If such a spher-

X 0oid 1C cxm thick and 50 cm in diemeter were sliced in hnlf, each’

piecec would bve sub-critical though thc teteal mass, 250 Kg, is 127 Y

times the critical mass. The efficiency of such an errragzoment
— would be quite good, since the ex-
NS | ---y Pension tends to Bring the material
— more and more recrly into a spher-
- _ icnl shepe.
Thus there are meny ordnance questions we would 1ike to
nave answered, We would like to know now well guns can be rym-
chronized, We shall need informetion about. the pessliblilitics
of firinz. other than cylindrical shapes &t lower velocities., Also
W8 shall need to know thse mechanical effects of the »last wave
o 3

4]

I >ding the projectile in the gun barrel. Also whether the
Projectile can be mode t- sect itselfl broperly and whether a pls-
ton 02 ina

22ckive materiel may be used to drive the active matoerial

» this becing desirable becesuse thus tho setive materianl

mlght be kept out of the gun barrel vhich to some extent acts ag -
a temper,

Various other shos
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ting arrangements hecve been guggested but

or exwuzlz 1t has beon sugzcsce tt the pioces might ve movnted
O & ring as in the skotch, If oxplosive matorial waro distrin.
uled arou-2 the ring end fired the pieces would be blown lnwewnd
to fourm o sphere,

snother nore likely P2331ibility 15 &5 have the yphere age-
semblod but with o wedgc of neutron-odbasrbing materlal bulls ins
Le, = nv an firing would ve blown sus by an cxplosive chargo
22using )7 8o go from less then unity to more than unity, Hers
he L 2alty liss in tho Jzet that no material is knowmnm vhasa
- INFHRH T 2oelficient forv fast neutrons L3 much larser than he
dalag . iificient of the bomb matoninl, ‘ the abuovbine
AR DS havy 2 veotuas colinnli i & e v iy =, 27
oYy &rd Whee  wemon . RV Asrve Mo g bl w2 Cham s el B & s
bralvlie te nhrgoviiing, <. Livyalens Lo & 1w AR e gy




The Sorm "eutzictolytic methad" 1s belng uzad ty deccoihe
coay rrocageoans nowinieh the m sbisns of meitericsl prodocced by the
b o1k, coowlltopot, ot lozezt for oo tiwmz, to ineredse VW Tocher than
ra dorrense LT, Evidently 10 arranicmonss heving thig property
ccn oo devalopsd they would be very voluabls, capeclielly 10 thae
tondeacy tésord inereozing v/ was poassessed o any mariied Qogrez.

Sunouse we had an errangement ln smten £or cxample yf would
tpemosso oL Lts own accHrd oo o low velne. 1ike 0.01 up ©2 a
seive 12 tz SO times gruater. The firing problem would be sim-
pliftec by the low initial value of V' , ond the cfficicney would
be maintsined by the tendency to duvelop - hizh velue >f V! as
tne ronction procceds. LT mey be thnt a methnod of this kind will
be ebsolutcly essentisl for ufilization sf 49 »wing to the difri-
cultica »f nlgh neutron background from (qgn) rcectisns with the

'impu:*i‘;i s pg clrecady discussed.

urctisn. If zs the reuction prnc
ceed only inward it is

vould increcse.
{tending to decreaso V') as well

)

pansisn would in reclity give the dominant effect,
if ¢ ~tvard expansiosn were very small comparced to the lnward

exprnsion it hes been cclculated
efficiency:
gulntod,

knovn absorption
Suppose we take
end put in enough boron o maoke

vige is then fired by adding som

ars l-rre compored to the meon d
spon oofars being absordbed. Th
ing neutrons will be progaortiosna

drsp on compresslien.  Hence U/ ow
comorcssed. I the bomb 1s sulf
bouni +~ averweilgnh the ovposing
of tiho bbb materiel, since the

..... >
s T T S N s A i data) vt e s
mavs S oo oraduse @ giiven cecrenac
& o L . ;3 . o - = o
Y TN _l- % 3 Y ~y \ - o
of T 2>, whereag (o 2 lavge

ceeds

sr arrangcment is the "boron bubble®™ ach

tha mass just critical.

The simplcst scheme vihiich
might be autocatalytic iz in-
dicotcd in the skctch wnere
) the active motericl is dis-
-~ posed in a hollow shell.  Sup-
" pose that when the firing plug
iz in place onec has just the
criticcl mass for this config-

the expansio-n were t»o pra-

=

cosy to sce from diffusisn theory that Vv
(If course in cctusl fact 1t will procced outward

as inward end the outword ex-
However, even

that this mcthad glves very low

with 12 Me on efflciency of »nly ebout 1079 was cal-

plC

eppss-scetion for fast neutrons,
e lorge mass of active material
The de-
c more active matericl or tamper.
Ls the reacti-n pracecds the
boron is compressed and is
less effective at cbgsorbing
neutrons than when noHt con-
presscd, +hisg can be scen
most readily if one conzliders
the case in which the buobles
epth in which a neutron goes in
en their effectivencss in remov-
1 to thelr total erca cnd 8o will
111 increcse as the bubbles are
iciently large tnls teadency is

o
L:Le L

distance the cdge of the

in ! irncronsog with fbho
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Sautls st nnve is unchanged, since 1t is not nccessary to ia-
crgr o2 the radlus »¢ the bubbles bug mly to use mosre of. them.

The donsity of particles (cloctrons plus nuclei) in borcn
18 Bao x 10%w perticle/cmd while 4in uranium it is more thon 5
times greater, Therefoarc s sy n as the reaction has procecdcd
t5> the polnt where there is a high degree of ionilzaotiosn and the
material bchaves as a gas there will be a grent nction to com-
press the boron. An sapposing tendeney to the sne dcesired will be
the stirring »r turbulence acting t-> mix the boron uniformly witha
the uniform, but the time scalec is too short for this t»: be erf-
feective, -

1t can be shown that if initially‘VéZCJ, allowing for the
boron absorptisn, and if no> expension of the outer edge accurs
then v/ will rise to Vi~ 2(J-1) by compresston of the boron.
Tnis scheme requires ot lehst five times the critical mass for

2 borsn, .cnd the efficiency is low unless c¢onsidergbly more is
used, '
o - . -If nne uses just that emount »f boran which makes twice the
‘no-boron critical mass be just criticcl, then the efficiency is
lower by 2 factoar at least 30, ‘

All autsceotalytic sche.aes thet have been thorught of ss for
reguire large rmounts >f nctive meterial, are low in efficiency
unless very large aomounts ere used, and ore gangersus to> hondle.
Some bright idcas are nccded.

22. Conclusi -r

r
ang
rti

rom the preceed:ing >utline we see that the Immediats ex-
a2l prograum 1s largely conccrned with meosuring the neutron
es of vericus materials, and with the srdnance problen, .
olsd nccessary to start now studics on techniques for direct
imentzl determinatisn of critical size and time scale, work-
ing with lorge but sub-criticel amsunts »f active matericnl,
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WOTICE

TH15 DOCUMENT HAS BEEN REPRODUCED FROM
~THE 3EST COPY FURNISHED US BY THE SPONSORING
A ENCY. ALTHOUGH IT IS RECOGNIZED THAT CER-

G
TAIN PORTIONS ARE ILLEGIBLE, IT IS BEING RE-

AS MUCH INFORMATION AS POSSIBLE,



