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The following notes are based on a set of five
lectures given by R. Serber during the first two

'iI.D weeks of April 1943, as an "indoctrination course"

m | in connection with the starting of the Las Alamos
' Project. The notes were written up by E, U. Condon.

M ii ‘2' 1. Object

The object of the project is to produce a practical
military weapon in the form of a bomb in which the energy is re-
leased by a fast neutron chain reaction In one or more of the
materials known to show nuclear figsion.

2. Energy of Fission Frocess

The direct energy relcase in the flssion process is
ofy,the order of 170 MEV per atom. This is considerably more than
10 times the heat of reaction per atpm in ordinary combustion pro-
cesses. :
This is 170:106v4,8+10"10/300 =2,7+10"% erg/nucleus.
" Since the weight of 1 nucleus of 25 is 3.88.10-2%2 gram/nucleus the

energy release is
7+10L17 e{%/gram ,
The energy release in TNT 1s 4°10 erg/gram or 3.6+1016 erg/ton.
Hence
' 1 kg of 25 22 20000 tons of TNT y

3. Past Neutron Chain Reaction

Release of this energy in a large scale way is a
possibillity Wecause of the fact that in each fission process, which I
regquires a neutron to produce it, two neutrons are recleased, Con-
slider a very great mess of active material, so great that no neutrons
are lost through the surface snd assume the material so pure that
‘no neutrons are lost in other ways than by fission. One neutron
released in the mass would become 2 after the first fission, each
of thes¢ would produce 2 after they cach had produced fission so
in the nth generation of neutrons thcere would be 21 neutrons avail-
able,

Since in 1 kg. of 25 there are 5°1 25 nuclei it would
require about n= 80 generations ( 280 oy 541025 ) to fish the whole

kilogram.
- While this is going on the encrgy relcase is making
e the meterial very hot, developing great pressure and hence tend-
ing to cause an exposion. '
In an actual fjinige..sctyp,, some neutrons are logt by
" diffusion out through the sWrffades Thereiwill be therefore~8-€fertain
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. just sufficient to stop the chain reaction. This radius depends

on the density. As the reaction proceceds the material tends to
expand, increasing the required minimum size fastcr than the actual

v size incrcases.

The whole question of whether an effective exposion
is made depends on whether the reaction is stopped by this tendency
before an appreciable fraction of the active material has fished,

Note that the energy wcleascd per fission is largc
compared to the total binding energy of the electrons in any atom.
In consequence even if but 3% of the availeble energy i1s released
the matcrial is very highly lonized and the tecmperature is ralsed
to the order of 40.106 degrces. If 1% is released the mean spced
of the nuclear particles is of the order of 10° cm/sec. Expansion
of a few centimeters will stop the recaction, so the whole reaction
must occur in about 5+10~8 sec otherwisc the material will have
blown out enough to stop it. .

Now the spced of & 1 LEV ncutron is about 1:4+10%m/sec
and the moan frec path betwecn fissions _is about 13 °~ cm so the mean
time betwcen fissions is about 107° sec., Sincc only the'last
few generations will rclcase cnough encrgy to producc much expan-
sion, it is just possible for the rcaction to occur to an interest-
ing extent beforc it is stopped by the sprcading of tho sctive
material,

Slow ncutrons cannot play an osscntial role in an

" explosion proccss sincc they rcquire about a microsccond to be
slowed down in hydrogenic matcrials and the oxplosion is &ll over
beforc they arc slowced down.

4, Fission Cross-scctions

The matcrials in question are U@SQ:QS,,US%B:zgs and

cleoment 94239 < 49 and somc othors of losser intercst.

Ordinary uranium as 1t occurs in naturc contains about
1/140 of 25, the rest being 28 cxcept for a very small amount of 24.

The nuclcar cross-scction for fission of the two kinds
of U and of 49 is shown roughly in Fig. 1 wherc g is plotted
against the log of the incident necutron's energy. Wec sce that 25
has a cross-section of about @ == 1.541072% om? for neutron cnergics
excceding 0,5 MEV and rises to much higher values at low ncutron en-
crgies (o}az 640-10-24 cm® for thormal ncutrons). TFor 238 however a
threshold cncrgy of 1 MEV occurs below which Tg = O. Abovs the
threshold Tg i1s fairly constant and equal to 0.7+10"24 cm

< . (Fig. 1 on ncxt page) P
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5. Neutron Spcctrum

‘In Fig, 2 1is shown the cnergy distribution of the
ncutrons rclcascd in the fission proccss, The mcan encrgy is about
2 LEV but sn appreciade fracticn of the ncutrons rclcascd have less
than 1 MEV of cnergy and so arec unable to produce fission in 28.

One can give o quite satisfectory interpretation of
the cnergy distribution in Flg. 2 by supposing it to result from
evaporstion of noutrons from the fission product nuclei with & tem-
perature of about 4 MEV., Such a Maxwellian velocity distribution
is to be relative to the moving fission product nuclei giving rise
to a curve like Fig. 2.

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

The average number of neutrogj produced ner fission
is denoted by y . It is not known whcther V has the same value for
fission processes in different materials, induced by fast or slow
neutrons o sccurring spontancously.
The best value at present is
= 2.2 + 0.2
although a value V= 3 has bcen roported for spontaneous flssion.

7. Ncutron capture

When neutrons are in uranium they are also caused to

disappcar by another process represcnted by the equation
A 28 4 n — 22 4+~

The resulting element 29 undergocs two successive transformations
into elements 39 and 49. Thc occurrcnce of this process in 28 acts
to consume neutrons and works against thc peossibility of a fast .
neutron chain rcaction in matcrial containing 23, N

It is this serics of rcactions, occurring in a slow
neutron fission pile; which g tycesbasdssofs 2 project for lapge
scale produation gfwwedtm.nt 9 .00 202 I

. tin0
. e '&Qmuglozy\.i‘:;%z mean‘m“cfhh. e° 004 cae ees o8s o0’ e
O & Wil ne Mg
oc b4 St
“\\;A - ® o 0 %00 o oees oo >,
. _ e oo o ¢ o 0 * 0o 0 g
R .g 5.: “eINe ee o @ AR
pupation | VNS . : -
L:;J}”;g L;‘.".J.l."..‘ S %% el felm N UNCMS‘F :

Persons re-
Copmr R~ «ther




® [ ]

ey UNCLASSEED

o (8t0Y e ado oo s
e oF the Sa“‘e‘abo ote e et ” . ]

WIS \‘?:;‘ e e 5 :§ E .° a_w
e . \ ..E ocs o:: A .5. *.* /:7 ———

wiout spestt , . I

w2 8. Why ordinary U is safe o

Ordinery U, containing only 1/140 of 25, is safe
against a fast neutron chain because, (ag only 3/4 of the neutrons
from a fission have energics above the threshold of 28, (b) only
%+ of tho neutrons cscape being slowed below 1 MEV, the 28 threshold
beforc they make a fission.
So the effective neutron multiplication number in 28 is

vy &~ 3/4x1/4x 2.2 == 0.4
Evidently a value greater than 1 is nceded for a chain rcaction.
Hence a contribution of at lesst 0.6 is needcd from the fissionability
of the 25 constituent. One can estimsate that the fraction of 25
must be increased at lecst 10-fold to make an explosive rcaction
possible.

.“‘..

8., Material 49

As mentioned above this material is prepared from
the neutron capture reaction in 28. So far only microgram quantities
have becn produced so bulk physical properties of this element are
not known. Also its ) valuc has not been measured. Its J; has
been meacsured and found to be about twice that of 25 over the whole

‘encrgy range. 1t 1s strongly X-radioactive with a half-life of

about 20000 yecars.

Sincec there 1s every rcason to expect its V to be
close to that for U and since it is fissionable with slow neutrons
it is expected to be suitable for our problem and another projcct
is going forward with plans to produce it for us in kilogram quan-
tities.

Further study of all its properties has an important
place on our program as rapidly as suiltable quantities become
avallable.

10. Simplest Estimate of Minimum Sizc of Bomb

Let us consider a homogencous material in which the

neutron number is ) and the mosn—time betwecen fissions is 7~ In
Sec, 3 we estimrted T= . 10-8scc. for urenium. Then if N is the
number of neutrons in unit volume we heve
. . - _ \)_‘
- N +divyg = =N

The term on the right is the net rate of generation of neutrons in
unit volume. The first term on the lc¢ft is the rate of increase
of ncutron density., In the sccond term on the left J 1s the net
diffusion current stream of the neutrons (net number of neutrons
crossing 1 em? in 1 sec across a plene oriented in such a way that
this net number is maximum).,

In ordinary diffusion theory (which is valid only
when all dimensions of boundaries arc large compared to the mean

. free path of the diffusing pantiglas -, g.cqndition not fulfillcd

in our case) the diffusion cinroﬁt.is prbpbftional To the gradient
of N . ®et oot
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Henge we have ,
N =Dan + (¥ UNCLASSIFIED
Assume a solution whose time dependence is of the form
N = N (xy4,2) "7

where v’ 1s called the "effective neutron numver”. The equation
to be satlisfied by N, 1is

—V +V—] :
AN, + Y=l oy, =0 v

DT

together with 2 boundary condition. In the slimple case in which we
are dealing with a sphere of radius R, we may suppose that N, is
spherically symmetric.

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

N, (r) = Sm(mr/R)
provided that v’ has the value r

v'= (v-i) — TDT/R%
This shows that in an infinitely large sphere the neutron density
would build up with the time constant (V-—1!)/7" . Smaller spheres
build up less rapidly. Any sphere so smell that v/£ O 1s one for
which the neutrons lecak out the surface so rapidly that an initial
density will die out rather than build up. Hence the critical red-

fus is given by 2
'R'L - __.7’_-.__]?_7:. ))‘=D
- . < \) "'-’
Now D is given by D= 1v/3 whcre ¥ is the transport
mean free path, * = 1/nd; , n is the number of nuclel per cc and -

i =[ap + [f oz (1-ces B)aw |
which brings out the reason for measurements of the angular scatter-
ing of neutrons in U. In metallic U we have

¢ ‘j; = 4’ IO‘?"* e’
which, for a density of 19 gm/cmd, gives 1=5 cm.
Also _ 7 7
1
T= = 'JL ..Ol:_ 2 _ T+ 4 O_.f
Y\U};’U" v Jg So T DT"‘ 3 yi 3;: 220,

Therefore ' 2 920

i o A T?C - 3 = 123 gund Re = 12,5 ean,

The critical volume is thereforc 10.5+10% cmd giving a critical .

mass of 200 kilograms. e vyt ::. UNCLAS’S‘HED
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P momkers of the pig f the same leboratapow that 1f the ‘gadget hes the shape of a

wizheut sgacific cube, 0<x<&, o<Ky<a, (<7LQ, that the critical

. value of a is given by a = )/—3,— R e
Hence the critical mass for a cublcsl shapo is
35/7./4_“ = /.24 times as great as for a sphere.

cone-

' The value of the critical mess is, howevor,
siderably overestimatcd by the elementery diffusion thcorv. The more
cxact diffusion thcory cllowing for the long frce path drops Re by a

factor about 2/3 giving
/Rc ~ D e My ~ 6O kff % 25,

The elemcntagry treatment just given indicates the

dependence of Mg on the principal constants
! ~

t/augn 0
oA ion,

1

Me ~ oo Fo gl ™
For R+ R_we have the time dependence of

wherc 1s the density.
neutr'o multiplicstion given by e(\)_n{_m_ \%Y} /’T‘

#ence for & sphere of twice the critical mass the time_constant,
for multiplication of neutron density byeis 2.4 x 1078 sec.

@
11. Effect of Tampcr

: If we surround the core of active material by a
shell of inactive material the shell will roflect some neutrons
which would otherwise escapc. Therefore a smaller quantity of
active material will be enough to give rise to an explosion. The

surrounding case is called a tamper.

The tampor material serves not only to retard the

$ escape of neutrons but also by its inkrtia to retard the expansion of

£ the active material. (The rctardation provided by the tensile

H strength of the ccse 1s negligible.) For the lattor purpose it is
desirable to usoc the donsest availeble materials (M, W, Re, U).
sent evidence indicates that for necutron reflecting properties also,

Necdless to sey,

onc cannot do better than usc these hecavy clements.
a great decal of work will have to bc done on the properties of tamper

Pre=
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tion effecting the National
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-meterials.,
Wo will now analyze the cffect of tamper by the

-game approximate diffusion theory that was uged in the preceding
be the diffusion coefficient for fast neutrons

* section, Let D/
in the tamper material and suppose the lifetime of & nautron in the
, with 7’ the nuc-

‘1§amper is?@' . Here o« = T\'U}’“‘,/‘Y\G"f.

ATear~density of the tamper and <+4,, 1ts capture cross-section. If
the temper materlal is 1tself fisslonable ( U tamper) the absorption

coefficient is reduced by g Sagtors (31 rak), with Vithe number of

neutrons Produced per capdurg, it s e 3 .
At the boundary VYetWeén active material and tomper,
qrbqs.gusggge.cgptingous'so

the diffusion stream of nifa |
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oY actire _‘- D er J f‘ampcr‘
In the tamper the equation for neutron density is

' N = DAN — X N

or for the gspatial dependence, T
V! + X —_
AN, — ¥ Ni = 0

As an easy speclal case suppose the tamper has the
same neutron diffusion coefficient as the active materiecl (i.e. the
same mean free path) but has no absorption, so « =0. Then under
critical conditions (\V‘=0) we have

N = A/r + B
in the tamper materisl end .
San Kr

N, = T
In the active material, ,
At the outcr boundary of tho tamper, r = R , we

must have N, = 0 hence
/ / /
No= Als - &)
On each side of the boundary r = R between active material and tamper
" material, the slopes must be equal so, equating the densitics and
slopes on both sides of the boundary we find the following cquation
to determine k,

o RIR’ :
) RR cosaR + —SLR s aR =0
A l— R/)r/
' In the limit of a very large temper radius R/-—>0
this rdquires that £ = 7T/QZF€

which is just half the velue 1t had in the case of the untampered
gadget, Hence the critical mass needed is one-eighth as much as for
the bare bomb,

Actuelly on better theory the improvement is not
as great as this beccuse the edge effect (correction for long free
path) is not as big in this case as in the bsrec bomb. Hence the
Improvement of non-absorptive equal diffusion tamper over the critical
mess, both handled by more accurate diffusion theory only turns out
to be a foctor of four instead of clght.

Exercise:
onsider a non-cbsorptive tamper material for

. N whicht dhlnediffusion cocfficient D’ is small com-
Z¢ The desi JNNNNINNNNNNY , » ;q1h e . In the limit if D/= 0, no neutrons
withinFormatxo'nwhlﬁ ftgj::;{ renGanlibisosoepe from the active material by diffusion,
‘.(aunat’c“ in L2 ue S LS80 vBhesertical roeding.sonld vanish and any amount
ey

; e pluedtivievddre would Be edplosive.
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- Tdﬁ@bt an idea of the Mfprovement obtainable

u—j[frpm ?er material of shorter mean fr?e path
" Athan n,h% dctive material show that if D' = 4D
. then tht eritical mass is 1/2.40 times what it is
in the case of thick tamper (R/= o )} if D/= D,
From thlis we see that it would be very much worth
while to find tamper materials of low diffusion
coefficient.
(It turns out that x=%%®R 1is a root of
X cos x ={(14-DP//D) Sin X
which is 1.17 spproximately when D’/D = 0.5.)

If the tamper material is absorptive then the
neutron density in it will fall off like —-kc/aﬂ

instead of 1/r which tends to make the O“ltTCal mass greater than
~if the tamper did not absorb.
3 The distance the neutrons get into the tamper
is //fZCUQ 3(1-vr) where ¢/ is the mean free path and & the number
of collisions beforec capture. Guessing s~20 this gives, with
L’ =5cwm, an effective tamper thickness —~v 13cm. For a U tamper
Ve~ 0.6 » and: the effective thickness is raised to 17 em., These
figures give an idea of the tamper thickness actually required; the
welght of the tamper is about a ton.

For a normal U tamper the best available calcula-
tions give R, = 6 cm and M. = 15 Kg of 25 while with Aw tamper
M. = 22 kg of 25,

The critical mass for 49 might be,beccause of its
larger fission cross section, less than that of 25 by about a fac-
tor 3. So for 49

M_ =z 5 Kg for U tamper
M~_ 7.5 Kg for Au temper.

e - These values of critical masses sare still quite
uncertain, particulerly those for 49 To improve our estimates re-
quires a better knowledge of the propcrties of bomb materials and
tamper: neutron multiplication number, clastic and inelastic cross
sections, overall cxperiments on tamper materiels. Finally how-
ever, when materials are available, the critical masses will have
to be determined by actual test.

12. Damage [mcwsmm

Several kinds of damage will be caused by the

bomb , .

~:’A very large number of neutrons is relsased in

the explosion. - One can estimatc a radius of about 1000 yards around

the site of explosion as the size of the region in which the neutron

concentration is great enspake $o urqduse, severc pathological effects.
sacionst Enough reafiidadiivde wadeiricl is produced-that the

mata &hcki % will be of ethés edor € $105 curies even after 10 days.
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ghs is disersed by the explosi However the total

of radioactivity produced, as well as the total number

' of neutrons, is evidently proportional just to the numbcr of
fission processes, or to the total energy rcleased.

The mechanicel explosion damage is caused by
the blast or shock wave. The explosion starts acoustic waves in
the air which travel with the acoustic velocity, ¢, superposed
on the volocity u of the mass motion with which material is con-
vected out from the center, Sincc c,v/{ﬁ: whore ] is the abso-
lute temperaturc and sincc both u and ¢ are grcater farther bvack
in the wave disturbance it follows that the back of the wave over-
takes the front and thus builds up a sharp front. This i1s essen-
tielly discontinuous in both prcssure and dcnsity.
/

AN S8 AP
/

|
l‘ﬂ-“ff
e 4
< r > < - r >
It has bcen shown that in such a wave front the
density just bchind the front risces abruptly to six times its
" value just ahead of the front. In back of thc front the density
falls down egsentially to zero.
If E is the total energy released in tho explosion
1t has been shown that the maximum value of the pressurc in the

. wave front varies as
o ~ E/r®

‘thc maximum pressurc varying as !/r> instecad of the usual ’/PL
because the width of the strongly compressed region incrcases
proportionally to r. _ :

. This bchcvior continues as long as is greatoer
than about 2 atmosphcres. At lower pressuros there is a transition
to ordinary acoustic behavior the width of the pulsc no longer in-
croasing.

O ‘)0

SRS

If destructive actlion may be regerded as measured
by the meximum pressure amplitude, it follows that thec radius of
dostructive action produced by an explosion veries as 3/F .

Now in a % ton bomb, containing % ton of TNT the destructive radius
is of the order of 150 feet. Henco in & bomb equivalent to 100000
tons of INT (or 5 kg of active material totally co?vertqgl one

would expect a destructive radius of the order of 3/, ., - 2
fect or about 2 miles. VA00e 0 %50 =11x10

This points roughly to the kind of results which
may be expected”from a dcvi&p of the kind we hope to make. Since
the one factor Thut determines the demage is thc cnergy release,

‘l’ our aim 1is simply to get as much energy, from the explogion as we

d

can. And since the matew»lnls ye 3sg arg very precious, e are
ned to do this with ashighetnsdfficiency as is.pdssible.
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As remarked in Sec. 3, the material tends to

- - blow apart as the reaction proceceds, and this tends to stop the
reactlon. In general then the reaction will not go to completion
in an actual gadget. The fraction of encrgy released reclative to
that which would be relcased if e£ll active matcerial were trans-
formed is called the efficiency.

Let R¢,= criticel radius figured for normal den-
81ty 0 s, also Re 1initinl radius and R = radius at a particular
instent. Assume homogeneous expansion. Then the density when

. ei(pinq,e,d is Q —_— OO ( RO / Rws
-and the critical radius R fi/§uréd with the actual density @ is
Re = Reo( Do/ Q)

The rcaction will procecd until cxpansion has gone so far that
R, = R. Therefore the radius R_at which expansion stops is

given by R/Rs = Hm—ﬂco

since the ratio of Rol/Reois oqual to the cube root of the ratio
of M, , the actual active mass, to M the critical mass we see

that )
R/IRe = & Mo/Mco
C) and therefore a gad%et having twice the critical mass will oxpand

to a radius only ¢/ = (.(2 times its original radius before
the reaction stops. .

The next problem is to find a simple expression
for the time taken for this cxpansion to occur, since we alrcady
know how £o calculate the time constant V//Tof the rcaction, Of
course V’/ is not a constant during the expansion since its value
depends on the radius but this point will be ignorcd at first.

: At a place wheore we have N ncutrons/cm® therec
will be N/t fissions/cm® sec and thorofore if £ 1is the energy
release in erg/fission the volume rate of encrgy generation is
(8/7~)ff . Hence thi:total energy released in unit volume
between time —oo and time i "tf

Mog& of this encrgy goes at once into kinetic
cnergy of the fission fragments which are quickly brought to rest
in the material by communication of their energy largely to thermal
kinetic cnergy of motion to the othcr atoms of the active stuff.
The course of cvcnts is shown in Fig. 3. The

units on the scele of abscissas arc units of V/¢/» . If there

was no expansion, and if the ratec of reaction toward the cnd was
not slowed down by depletion of active material, then the cncrgy
releascd up to a given timc in crg/cmd would be given by the values

e on the upper logarithmic scale. Tho pleoces on this scale. marken.
100%, 10% and 1% rcspectively show the energy rcleased in unit vol-

" ume for these throe values efi thosefifigiency. A second logarithmic
scale.showamgggmggpwth oﬁ.th? peugrqn density with time under these
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' t can be calculated that the pressure in atmos-
g;@ fid“VéFT‘roughly like the values gilven on the third scale.
a point just below 1017 erg/cm5 cvolved the radiation pressure
is equal to the gas rcssure, after that radiation pressurc pre-
dominetes. Near 101 «:n:’g/cm:’5 is the place where the solid melts
so up to this time nothing very drastic has happenéd - the impor-
tant phenomena occur in the next 20 units of y't/

Very roughly we may estimete, as follows for
masses not much larger then the critical mass, the combination of
factors on which the efficiency depends: In a time of the order
’T/V/ the material moves from R to R so acquires a velocity

Vo~ (v/T) (R- Ro)

R—KHp = LQRCO

The kinetic energy pcr grem that is acquirod by the meterial is
UT/2 o~ & (VI/TIE AT REC

The total energy released is grestor in the order p\/ﬁ—zodbf

or 2/3A . Let € =7.1017 erg/grom be the energy release for

complete conversion then the efficiency is of the order

£ = (V¥eT)(%4) P, (2/3&)
(e VvE/e T) Rio A

For an untampered gadgct

o
Writing R_= R, (1+ ) we find that

or

v/ 2(\)-1)&

b
fo g L) R |

Putting in the known coHstamty— — —= { p
£ = 7"Ol7 T = 10" RC =9

= Ko ko ko= o

If this very rough ctalculation 1s replaced by
0. more accurate one the only change is to alter the valuc of the
coefficient V. K.The calculatlons are not yet complete, but the
truc value is probably K=~ s+ L .
Hence for a mesd that is twice the critical mass,
= vﬁz Re 80 O 0.25and the efficiency comes out less
than 1%. We see that the efficiency is extremely low even when
this much valuable material is used.
. Notice that 7~ varies inversely as the velocity
of the neutrons., Hencc it i1s advantageous for the neutrons to be
fast. The efficiency depends on the nuclear properties through

the factors 'E YE(V-1) O A

giving

we find

./

where \ 1s the mean speed of the J%utrons aﬁd the other symbols
are already defined.
In the above trecatment we have considered only
the effect of the deneral gxygansiors of $he bomb material, There
i1s an additional effect whiscls yndk to 8%op the rcaction: as the .

opressure,buyllds, YP it beglmseyoebrowt ol material at the outer edge
+mm“aﬁutm@mmggg3“hgg 8 _turns Qut..to.ba.of «canparable importance in
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However the formula for the efficiency cBn be shown to be un-
changed in form; the edge expansion manifests itself simply in

a reduction in the constant K. The effect of blowing off the edge
has been already taken into account in the more accurace estimate
of K given above.

14, Effect of Tamper on Efficlency

For a given mass of active material, tamper always
increases efficlency. It acts both to reflect neutrons teck into
the active materlial and by 1ts inertia to slow the exparsion thus
giving opportunity for the reaction to proceed farther Lefore it
is stopped by the expansion,

However the increase in ~fficiency given by a good
tnmper 1is not as large as one might judige simply from the rcduvc-
tior In the eritical mass produced by the cvamper. This is duc
to the fact that the neutrons which are returned by diffusion
into and back out of the tamper take a long time to return, par-
ticularly since they are slowed down by inelastic impacts in the
tamper material. .
’ The time scale, for massecs noar critical vhere
one has to rely on the slowest neutrons to keep the chain going,
now becomes effectively the lifetime of neutrons in the tampoci,
rather than the lifetime in the bomb. The lifetime of neutrons
in a U tamper is ~~{0 %, ten times that in the bomb. The effi-
cilency 1s consequently very small just above the eritical mass,
go to some extent the reduction in critical mass is of no use
to use. _

One can get a -picture of the effect of tamper on
efficiency from Fig. 4, in which U y/is plottcd against bomb
radius for various tamper materials. The time mcale is given by

T/ ;3 the efficlency, as we have seen in the preceeding
sectlon, is inversely proportional to the square of the time
scale, Thus o . ,)(z.

Fig. 4,
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If we use good tamper (U) the efficlency is very low near the
critical mass due to the small slope of the )’ vs.R curve near
V' =0. When one uses a mass sufficiently greater than the
critical to get good efficlency there is not very much differ-
ence between U and Au as tamper materials,

It turns out that if one is using 4 M~ and the
U tamper, then only about 15% more active material 1s needed
to get the same energy relcase with a gold tamper, although the
criticel masses differ by 50%.

In addition to reflecting neutrons, the tamer
algos inhibits the tendency of the edge of ithe bomb to blow off.
The odge expands into the tamper material, starting a shock
wave which compresses the tamper materisl sixteenfold. These
odge effects as remarked in Sec. 13 always act to reduce the
factor K in the formuls, f:: K /A3 ,but not by as great an amount
ir. the case of tamped bomb as in the case of the untamped bomb.

15, Detonation

» : Before firing, the active material must be cis-
posed in such_g way that the effective neutron number )/ is
less than ynity.¢ The act of firing consists in producing a re-
arrangement such that after the rearrangement y/ 1s greater than
unity. . .

- This problem is complicated by the fact that, as
we have seen, we need to deal with a .totel mass of active material
congidergbly greater than the critical in order to get appreciable
efficlency.
’ For any proposed type of rearrangement we may in-
troduce a coordinate which changes from O to 1 as the rear-
rangement of parts prloceeds from its initial to its final value.

| 1

/

V

X

Schematically v/ will vary with g( along some such curve as is
indicated in the sketch, Since the rearrangement proceeds at a
finite speed there will be a finite time interval during which
V/" though positive is much smaller than its fihal velue. La
eonsidered in.mére detaid ' cr’thife’will always be some un-
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aVOfA;ble sources of neutrons in the active material. In any
gocheme of rearrangement some fairly massive amount of material
will have to be moved a distance of the order of K. ~ 10 cm,
Assuming a speed of 3000 ft/sec can be imparted with some type
of gun this means that the time it takes to put the pieces of
the bomb together is ~nv 10-% gsec, Since the whole explosion:
is over in a time»?S‘TAﬂ?(ﬁfscc, we see that, except ror very
smallv’(v’<0/), an explosidn started by a premature noutron
will be all finished before there is time for the pilecces to movse
an appreclable distance, Thus if neutron multipliceatior. hanpena
to start before the ploces reach their final configuratica *n ex-
prlosion will occur tQat is of lower efficiency correspecnding to
tho lower value of v’ at the instant of explosion.

To avoid predetonation it is therefore nccessary
co keep the necutron background as low o8 poesible and to erffect
the rearrangement as rapidly as possible.

16, Probability of Predetonation

Since it will be clearly impossible to reduce the
neutron background rigorously to zero, there will always be some
chance of predetonation. In this section we try to see how great
this chance is in order to see how this affects the firing prcb-
len.

The chance of predetonation is dependent on the
likelihood of a neutron appeering in the active mass while V’/ 1is
still small and on the likelihood that such a neutron will really
set off a chain reaction. With just a single neutron relersed
when y/>4lt is by no means certain thot a chain reaction will
start, since any particular neutron may escape from the active
material without causing a chain reaction.

The question can be considered in relation to a
little gambling problem. In tossing loaded coins suppose p is
the probability of winning and q thet of losing. Let P, be the
probability of losing all of an initial stock of n coins. On the
first toss elither one wins and thus has (n 4+ 1) coins or loses ond
thus has (n ~ 1) coins. Hence the probakility Py 1is given by

Pa = p Py, + G Pasy
the solution of which is >

’Pn = (‘i /y’l\“ i
Identifying this with the neutron multiplication problem onc can
show that 4/ = |- v/ . Hence the probability of not starting
a chain reaction with one neutron is (1 - v’/) or J’-is the prob-
ability that any one neutron will start a chain reaction.

Suppose now that there is a source of N neutron/

" sec. Let‘P(E)be the probability of not getting a predetonation

up to the instant t. In the interval dt we have e
Telg- dP = —Ndt v P
On the lelt the first threec factors together give the probabllity
of going off:h time dt, angd,the ., fachonn P is the probability of not
having had a predvtonatidn tup tos thats $ime. S
Near theejolye.) /& Q. Ké may suppose thyi e
linearly with

4
ANt

gy
Ly time, v/= @1, Hence, integrating the,c}ii;tﬁ@@ial
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, '::t?:ut spe! (Mt 13 the number of neutrons expected in the interval
een t = 0, when y/= 0, and the time when the multiplication
number hes reached the value V/. Evidently for a particular
s type of firing rearrangement M will vary inversely as the veloc-
ity with which the firing rearrangement is carried out.
i . For example consider a bomb whoses mass is between
two and three critical masses, for which the finel valuec of Y/ is
0.3 and suppose that N == 104 neutrons/scc from unavoidabloc
sources. Also suppose that one picecce must move d = 10 cm from
the v/ = 0.0 configuration to the finalv' = 0.3 configuration.
Suppose that this piece has a velocity of 10° em/sec then & = 1
and P = e?*'O.IQ

so there is approximately a 15% chance of predetonation.
| . This is the change of predetonstion any time up to

that at which the final value of Vv’ is reached. In this example
the exponent is small enough that the chance of predotonation,
(L = P), is given by the linecar apProximation.
Since the efficiency varies as y/3 done will get an explosion of

" less than § of the maximum if it goes off before v/ has rcached
the 'value 0.3/V4§ <= 0.9 ., Hence the probability of an cxplosion
giving less than 25% of the maximum value is

" ‘ (1973 %05 = (%
The example serves to indicate the importance of
: taking great pains to get the least possible neutron background,
. and of shooting the firing rearrangement with the maximum possible
velocity. It scems one should strive for a neutron background

of 10000 neutron/sec or less and firing velocities of 3000 ft/sec
or more, Bfth of these are difficult -e& attainment.
: ) 0

}Z:,Eizzles

_ The question now arises: what if by bad luck or be-
cause the necutron background is very high, the bomb goes off when
V/ 18 very close to zero? It is important to know whether the
enemy will have an opportunlity to inspect the remains and recover

,the material, We shall gee that this is not a worry; in any

event the bomb will generate enough energy to completely destroy
" itself,

: , It has been remarked in the last sectiosn that for

very smallV’ (v'<.¢/), the explosion takes so long thet the
pleces do have time to move.an appreciable distance before the
recaction ends. Thus even if a ncutron enters and starts a chain
just when V/= O theore will be time for V/ to rise to a positive
value, and give an efficiency small, but greater than zero.

;- -+ 74 Suppose, then, that a neutron is released when
V=0, ~ The number of neutrons builds up according to, the equa-

, tion > eon o oe o
@ e NEIVY Y UNCMSS’
abeitmieCliatiocty ‘%’fa'roximatidﬁ. we, ﬁmy.:slzppds'e V/ varies lineargy®
Lidanae-x the pleces move from the point where y’= gt
Ciplonsl® - s ctokens pRmancer 10 & pf :.t :. ,a.{ &):d.d) .
1ﬁ§$ﬁ%ﬁ:§§g§?VQ§ is the value q{rﬁ:yhpngthgngpces reach theirvfingf op-
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wichou qﬁimal configuration, and Cio is the distance to reach this config-
uration. If the velocity of fire is v, we have x==Vt,

B - An = [ ermat = £ Yol e
Suppose the reaction continues until about 1022

neutrons are\produccd which would correspond to an energy pro-
duction equivalent to 100 tons of TNT. Then, at the end of the

reaction A ,Cn /\/ - ﬁn'/Ozz"'go

(We can check this nssumption after we have completed our esti-
mate of the energy rclease. However, since the final number of
neutroﬁs enters onlty in the logarithm of a large number, our re-
sult 'is quite insenB8itive to what we take for N at this point,)

. Thus the reaction ends when

I VO’U— 2 1 “>¢
—_ —_ ? __U_ / /__ -
2 Uu"f{‘ =50 = Ut £= 10 Ve V= V‘)do

The efficiency is 5 y\\\ ) w>1£l:
P : : ~ l 13 \) /l( v Ao
. £ - = 500 Yo P \
"' Using the same figures as in the precoeding section N
(v1'3 q/'l(gd-lOBWG find —?_ % < {O'—S-
The mass of 25 1n the bomb is about 40 kg. The mass uscd up is

thus ¢qo %8 > (0 —$03kb and the onergy relecse is .003 x 20000~
60 tons of TNT equivalent ample to destroy the bomb,

AN

18, Detonating Source

To avoid predetonation we must make sure that thers
is only a small probability of a neutron appearing while the
pieces of the bomb are being put togcther. On the other hand, ™
when' the pieces reach their best position we want to be very sure '
that a noutron starts the reaction before the pieces have a chance
to seperatce or break. It may be possible to meke the projectile S
seat and stay in the desiréd position. Failing in this, or in
any event as extra lnsurance, another p0381bi11ty 1s to provide
a strong neutron source which becomes active as soon as the
pieces come into position, For example one might use a Ra + 3¢
source in which the Rqis on one piece and the Beon the other so
neutrons are only produced when the pieces are close ton the pro-
per relative p031t10n.
We can easily estimate the strength of source re-
"t quired., After the source starts working, we want a high probabil-
ity of detonation before the pieces have time to move more than
" say 1 cm. This means that N: the, neutrons/sec from the source
' nust be large enough that : : H ::
’ ® J [ [ X ] o o
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This is the yield from 1 gr NQ intimately mixed
with beryllium. Hence it might bc necessary to réee several
grems of radium since it will probably not be used efficiently
in this type of sourcec. ‘
Some other substance such as polonium that is
not so ef-active as radium will probably prove more satisfactory.
Evidently a_source of thils strcngth that can be
activated within about 10-5 sec and is mechanically rugged enosugh
to stand the shocks assoclated with firing presents a difficult
problem.

-19. Neutron Backgrpund

: There arc three recognlized sources of neutrons
which provide the background which gives rise to danger of
predetonation: (a) cosmic ray neutrons, (b) spontaneous fission,
(¢) nuclear reactions which produce neutrns.

(a) Cosmic Rays. Tho number of cosmic ray neutrons

1s about 1 per cme per minute which is too few to be of any im-
portance. , _

| - -~ {(b) Spontaneous fission. The spontaneosus fission
rate 1s known only for 28 which is responsible for the fission
activity of ordinary U. At present we have only upper limits
for 25 and 49 since the activity of these has not been detected,
The known facts are ‘

28 guoes IS nz»»ﬁvns//#g sec,
2§ » <‘So »

! - 43 » < S00 >

It is considered probable that the rates for 25 and 49 are much
smaller than these upper limits. Even if 25 and 49 were the same
as 28, a 40 kg bomb would have a background from this source of
600 neutron/sec. This does not seem difficult to beat.

' But if U 1s used as tamper this will weigh about
a ton which gives 15000 neutron/sec. Of course not all of these
will get into the active material but one may expect a background
of several thousand per second from this source.

Thus with a U temper one is faced with the problem
of high velocity firing. In the range of moderately high ef-
ficiencies, say 4 M¢ »f active material, it might for this reason
not be worth while to vse a U tamper, since as we Have seen, an
inactive tamper will cost only absut 15% more active material, -
Or one might use a compromise in which the tamper was an inner
layer of U, backed up by inactive material; for messes this large
the time scale is so short thet neutrons do not have time to pen-
etrate more than about 5 cm into the tamper anyway.,

- (c) Nuclear reactions. The only important reac-
tions are the(® njreactioms.ofslighizeelements which might be pre-
sent as impurities. The{&)g\npaqtngng ?ave a negligible yield.




Let us examine what sort of limit on light element impurities

in the active material i1s set by the need of holding down the
. neutron background from this source.

The problem is particularly bad for 49 dince its

half-life is only 20000 years. 1Its mean life is thus 3C000 years
= 1012 gec. _Thus 10 kg-of 49, contailning 2.5 x 1025 nuclei A
gives 2.5 x 101® &-particles/sec.
: The yield from Ra «'s on Be is 1.2 x 10-4 and
the shorter range from W's of 49 as compared with those of RQ
and its equilibrium products will perhaps cut this figure in
half, say 6+10"5, Since the stopping power for 's of these
energles 1s proportional to A where A is the atomic weight,
the stopping power per gram is proportional to .

SIPISTE

3 Ll Y

If the concentration by weight of Be in the ac-
tive material is C then the yield of neutron/sec is
/ , Y233/ - c - Na -y
4 o ?ghgpe:rYo\is the number of ot's per second and i1s the yield.
L5 e lefice ‘to get 10000 neutrons/sec one would noed t&d have a concen-
- .£ﬁt1qn given by .
° . I;. _ . . —_ B
g e — 3 > 4
2 232/ - 25007 6210 T = 10
isCNlO'f__
“ﬁs:*vr“ﬁburse, a very low concentretion of anything in any-
else,

The yield 4rnps.rapidly as one goes to elements
s jglgher atomlc weight because of the increased Coulomb barrier,
i$t 1s unnecessary to consider limits on elemonts beyond Ca
ng as ordinary standards of purity are maintained.
Experiments on the yields with light elements
d. to be done, One can base some rough guesses on the standard
%ﬁr penetration formules and find the following upper limits

w\' e concentration by weight for several light elements for
3 \oprddgetion of 104 neutron/sec/
3%35‘5'3?' ) Li 2 x 10-5 -6
R Be —36=7 {0
B ‘ 2+10-6 e
C 2+10-4 3 . '
N - 4t
0 2 x 10-93 seiede
F 2 x 10-5

# Low yield because only €13 contributes.
#¢ (> ~n) reaction not energetically possible.
e Low yield because only 017 contributes.

The effect of several impurities simultaneously present.is of
course additive,

<, It is thus recognized that the preparation and

v handling of the 49 in such a way as to attain and maintain such
hlgh standards of purity is an extremgly difficult problem. And

" 1t seems very probable thof; fheineistrion thpckground will be high

and therefore high velocity firihg Wil :be desirable.
. ~ With 25 the’s3ftuatiotn Ts much more favorable. The
. s come from 24 presenti*in*hotum¥T Ustd. about 1/10000, If all

24 goes with 25 In the sepufssian frofii28 we shall have 1/100 of

24 in the 25, The lifetime ofe 2% 8 1'00°times that of 49 so the
4 SRIn ACQITIE - <
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We now consider briefly the problem of the actual mechanics%d]

i 7

@

concentration of impurities in 25 may be 10% times that in 49
for the same background, which is not at all difficult of attain-
ment. X

- To summarize: 49 will be extremely difficult to work with
from the stand-point of neutron background whereas 25 without U
tamper willl be not very difficult,

20. Shooting

shooting so that the pleces_are brought together with a rel@tivl:
velocity of the order of 10° cm/sec or more. This is the :
of the job about which we know least at present.

One way is to use a sphere and%ﬁ%

shoot into it a cylindrical plig®™
made of some active material anil >
some tamper, as in the sketch. Th
: ; avolds fancy shapes and gives theg }
most favorable shape,for shooting; to the projected plece whoseg

mass would be of the order of 100 lbs. 3

' The highest muzzle velocity available in U. S. Army guns &
is one whose bore is 4.7 inches and whose barrel is 21 feet long§
This gives a 50 lb, projectile a .muzzle velocity of 3150 ft/sec.§ T
The gun weighs 5 tons. It appears that the ratio of projectile °©
mass to gun mass is about constant for different guns so a 100 1b,
projectile would require a gun weighing about 10 tons,

'The weight of the gun varies very roughly as the cube of the
muzzle velocity hence thore is a high premium on using lower vel-
ocities of fire, : : .

*Another possibility is to use two guns and to fire two pro-
Jectiles at ecach other. For the same relative velocity this ar-
rangement requires about 1/8 as much total gun weight, Here
the worst difficulty lies in timing the two guns., This can be
partly overcome by using an clongated tamper mass and putting all
tho active meterial 1n the projectiles so it foes not matter
exactly where they meet, We have been told thet at present it
would be possible to synchronize so the sprcad in places of im-
gact on various shots would be 2 or 3 feet, One scrious restric-

lon imposed by these shooting methods is that the mass of active
materlial that can be gotten together is limited by the fact that
cach piece spparately must be non-explosive. Since the meparate
pleces are not of the best shape, nor surrounded by the best tam-
per material, one is not limited to two critical masses for the
ompleted bomb, but might perhaps get as high as four critical
magses, However in the two gun scheme, if the final mass is to
be ~~ 4Mc, cach piece separately would probably be explosive as
soon as 1t entered the temper, and Rekier synchronization would
be roquired, It seems worthwhile tlo indestigate whether present
performance might not be idprdvéd By «.fgctor ten.
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i%pmb cen be circum-

vented by using pieces of shape more difficlilt to shoot. For ex-
ample a flat plate of cctual material tamped on only one side, has
a mimimum thickness below which it can no longer support a chain
reaction, no matter how large its area, because of neutron leak=
cge across the untemped surface, If two such plates were slid
together, unpamped surfaces in contect, the resultlng arrangement
could be,well over the criticel thickness for a plate tampcd on
both sides, and the mass would depend only on the ares of the
plates,

Calculations show that the critical mass of o well tamped
spheroid, whose major axis is five times its minor axis, is only
35% larger than the criticel mass of a sphere, If such a spher-
oid 10 cm thick and 50 cm in diameter were sliced in half, each
piece would be sub-critical though the totel mass, 250 Kg, is 12
times the critical mass, The cfficiency of such an arrangement

//’ — would be quite good, since the ex-
/D pension tends to Bring the material

(:::EEEE?;};7 more and more nesrly into a spher-
. ienl shape.

Thus there are meny ordnance questions we would like toz
have answered. We would like to know how well guns can be syny
chronized, We shall need information about the possibilities .
of firing other then cylindricel shapes at lower veloclties. @
we shall need to know the mechanical effects of the blast waver’
preceeding the projectile in the gun barrel. Also whether the 3
projectile can be made t» scat itself properly and whether a g;g,
ton of inactive material may be used to drive the active matenidl
into place, this being desirable because thus the sctive mateq}a
might be kept out of the gun berrel which to sone extent acts g
a tamper.

l{JlM
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For example 1t has been suggested thsat the pieces might be mountod ,
on, a ring as in the skotch. If explosive material were distrib- >
uted around the ring end fired the pieces would be blown inward

to form a sphere,

Another more likely possibility is to have the sphere as-
sembled but with a wedge of necutron-absorbing material built into
it, which on firing would be blown out by an cxplosive charge
causing V/ tb go from less than unity to more than unity. Here
thoe difficulty lles in the fact that no material 1s known whose
absorption coefficlent for fasit meubpons is much larger than the
emission conefficient of the bomb-mateniak.. Hence the absorbing
plug will need to have a volunt. famgerfabBe’ to that of the absorb-
er and when removed will leave the ggtiye.material in an unfav-
orable configuration, equiwpicnt tola ulsw mean density.
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21, Autocatalytic Methods

'The term "eutocatelytic methnd" is being used to describe
any arrengement 1ln which the motions of material produced by the
V/ rather than

reaction will act, at least for a time, t5 increase
to decrease it, Evidently if arrangements having this property

cen be developed they would be very valuably, especially if the
tendency teward increasing V/ was possessed to any marked degree,
Suppose we had an arrangement in which for example y/ would
increase of its own accord from a low value like 0.01 up to a
value 10 to 50 t imes groater. The firing problem would be sim-
plified by tho low initial value of V' , and the efficiency would

be maintained by the tendency to dcvelop a high value of V' as
It may be that a method of this kind will

the roaction proceeds,
be acbsolutely essentisl for utilization of 49 owing to the diffi-
culties of high neutron background from (o mn ) reactions with the

impuritlies 2s 2lroady discussed.
' : 7T ===+ - The simplest scheme which
might be autocatalytic is in-

—
: diceted in the sketch where
: N the active materisl is dis-
: posed in a hollow shell. Sup-
. pose that when the firing plug
: . is in place one has just the
' - criticel mass for this config-

uratisn., If &as the reaction proceeds the expansiosn were to pro-
ceed only inward it is ecsy to see from diffusi»n theory that V/
would increcse. (If course in actual foct it will proceed outward
(tonding to decrease V') as well as inward and the outword ex-
Hnowever, even

pansion would in reality give the d-minant effect.,
1f the »~utward expansion were very small compered t- the inward

expansion it has been calculated that this meth>d gives very low
9 was cal-

244

?_g g'g gef:{'igigncy: with 12 Mc an efficiency of »nly ab»sut 10~

o - § 8 sculated., o

3L e A better arrangement is the "boron bubble" acheme. BI1O

2y _g.? as the largest known &bsorption covss-section for fast neutrons,

DR 575' 52}10'2 cm®, Suppose we take a2 large mass of active material

ﬁ§f§§':q put in enosugh boron to meke the mass just critical. The de-

5 5 . 2%:Jise 1s then fired by rdding some more active material or tamper.

85y E : o \ As the reactisn proceeds the

{LE a - ok : N boron is compressed and is

=585 4 g N deti less effective at absorbing ...

35 385 NN ‘Y¢  neutrons than when not come

LsLel \ \ —r presseds <this can be seen

- . \§\“ 8 most readily 1f one considerg f

S £ ;_g[ I g the case in which the bubbl

AEL ¢ re large compered to the mean depth in which a neutron goes i 422//

+% £:5F 'boron before being absorbed, Then their effectiveness in remsy

%2 ¢ £ ing neutrons will be proportisnal to their total area and so will

Hence V/ will increase as the bubbles are

drop on compression,
compressed, If the bomb 1s. suffilcientdysdlarge this tendency 1is
" bound to overweigh the oppdging i;ne:dpe $9 the general expansinn

of the bomb material, since,.tlte Ristadaellhe edge of the bomb must
move to praoduce a gkven decrease in V! increnses with the r us
omP.sthd distance the edgeRf &,

of the bomb, wheroas for aj :a?.éegv"q
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bubblelmust move is uncha
crerse the radius »f the
:The density of par
times greater. Therefore
t> the point whers there
material behaves as a gas
press the borsn, Ag 2Ppo
the stirring or turbulenc
the gg%?33m> but the time
fective;—— |
,it can be shown th
boron gbsorption, and if
then Y/ will rise to y'~
This scheme requires at 1
no bornsn, cnd the efficle
used, - o ‘
If one uses just t
ny-borsn critical mass be
lower by a factor at leas
All autocatalytic
require large amounts of
unless very large amounts
Some bright idcas are nec

22
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nged, since it is nst neceSsary to in-
bubbles but snly to use more of! them,
ticles (eleoctrons plus nuclei) in boron
is 8.3 .x 1025 particle/cm3 while in uranium it is more than 5

&s sHon as the reaction has proceeded
is a high degree of ionization and the
therc will be a great actinn to com-
sing tendency to the sne desired will be
e acting t» mix the boron uniformly with
scale is too short for this to; be ef-

at 1f initially V4:<3, allowing far the
no expesnsisn of the outer edge sccurs
4 (v~} by compression of the boron.
cast flve tlmes the critical mass for
ncy is low unless considergbly more is

hat amount of bornn which makes twice the
Just criticel, then the efficiency is
t 30,
scheites thet have been thiught of so far
active mrterial, are low in efficiency
are uscd, and are gangerous t5 handle. =
ded.,

« Conclusion

From the preceedlﬁ
perinental program is lar
froperties of various met
-t 18 also necessary to s
experimental determinatis
ing with large bg@QSubocr

.. e 'Q'
=S . s h ‘0’.‘
0 d\

g outline we see that the immediate ex-
gely concerned with meosuring the neutron
orials, end with the osrdnance problen,
tart now studies on techniques for direct
n of critical size and time scale, work-
1tical amounts »f active material,
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