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The fis~i;;”p”=;cts:~.~’a&b at the timeof the last few
.’

generationsbeforeexplosionare sufficientlynumerousthat the proba-

bilityof reactionwith each otherbecomesmeasurable. In thispaper

the probabilityof fusionwill be calculated.N iS found that the

fusionof two lightfrsgnumtsia the onlypossibleprocessof this

type. For abomb containing14 kg of orslloyor plutoniumand having

a 25$ efficiencythe yieldof platinumgroupelementsis estimatedas

1.2 x 1014 atoms. Althoughthe nucleusproducedInstantaneouslywith

highestprobabilityis 75-190,the excessof kineticenergyis such aa

to boil off between9 and 18 neutronsformingebments 75-175to 75-182.

Thereforethe nucleiformedwill be on the low sideof the stability

curve. Most nucleiin this regiondecayby K-capturealthoughtwo posi-

170 166tronemitters,71Lu ‘d69m s

discovered.

C%sider an averageli@t

averageheavy fragment,Z = 55, A =

are knownand perhapsothersmay be

fragment,Z = 37, A=+ 96, and an

138,whichhave just separatedfrom

each other. The averagekineticenergyof the lightfra~nt is

1 8 168)= 99 mev, and of the heavyfragmentis 168-+23 -99=69 uuw.

A freshlyformedlightand heavyfra@ent have almostenough

energy to recombineto form the originalnucleus$)2-235.But two heavy

fragmentsare unableto combineto form a transuranicelement,e.g.

11o-276,for the reasonthat the reactionis endothermicby more than

the maximumrelativekineticenergyof the two,e.g. 138 mev.

The situationis more favorablefor the lightfragments.

freshlyformedlightelementswhich collidemay reactto form such

elementas 74-192. me Wq.d&eren~$ ~~t~en nuclew 74-192and
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nuclei37-96}calcul~t~ &m k16*Me&!opollsmass table}has the vsJ.ue

[}

2
89 IMV. The heightof the coulc~mbbarrier*is 0.$%

*
s = 143 mev,

The initialrelativekineticenargyfor a head on co isionof two

averagelightfragmentsis 2 x 99 = 198 mev,which is greaterthanboth

the mass differenceand the barrier. The barrierheight,being greater
.

than the mass dii’fenenceis takenhere as the limitingfactor;we assume

that 8 light rWgIJ312t may X’6M3Ct until it has lost of the orderof

+(198 - 143) = 27.5mar, i.e.untilit has energy71.5mev.

Estimateof the probabilityof ~sion of two limt fragments

In orderto take into accountthe collisionsof two fragments
—

of ~qusd. energyin the energyrangein which fusionmay occur,we de-

finea quantity q as the total.numberof lightfissionfragmentsper

cubiccentimeterand per unit volumeof velocityspacehavingvelocity

betweenv and v + dv.

1) Calculationof qs Let N be the totalnumberof lightfission

frqgne;tsproducedduringthe durationT of fissionin the bomb (T -

2 shakes). For 25$ yieldin a lwmb containing14 kg of Fu or ordloy,

~=1.4xlo4 1xpc6xlo23 24
235 E 8.91x 10

Let dtbe

velocity.

the timefor a lightfissionfragmentto lose

Then at any instant,n(v)dv,the totalnumber

fragmentswith velocitybetweenv and v + dv, is

To estimatedt, the rate d! energyloss of

to a 10 lsevMaxwelliandistributionof electrons

calculated from LA-@l. Assume the reactton

*
Computedon the assuxqpt$ono~Ott% ~#c&3r

::
:; ;~& ::
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s.light

1 Cgs unit of

of light fis6ion

fission

is needed;this

fl

fragment

maybe

to occurmainlyat normal

radiusis 1.5 x 10‘13#3 ~.
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density.

;-#x 6 X 1023,.4.46 ~ 1024 = densityof electrons

~ (j x10-28)~ (2.8x .0’): .,,
1.06 x 10-27 4T4.4.6x lo2 23 x 10-m

. 4

._=24”Mxlo244KdE 2 4.8 X 10
$%

H&
-10 X 1..6X10-6)1’2~402

*3
[ ):10 X 1.6 x 10-g

.
1830X $%)1/2

dE- — = .0926ergu/cm
dx

The time to lose 1 cgs unit of velocityis

“ =(* =’*,=‘8X&g x10-24.,.,,.~o+l
n(v)dv= lV~ =

The quantity q is

and SO COlltdKIS tk!

*

+ “ 7*85x‘O”8.91 x 1024 1’ 6 x 1!

seconds

3definedper unitvolumeof velocityspaceand per cm

resctionvolumeV =

.
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2) Total.vekcilw .$&e f& wl$”{hcollisionseffectingfudon can
●

●0 90 ●

occuragainst a givenelementof velocltyspacez For an aver~e li@ fis-

sion fragmentthe maximumvelocityie

Tbe minimumrelative velocityat

= 1.41x lF Cm/eec

vhich a *ion can occur is

d2x143 x1.6x1o
-6

VI =

%
x 1.66x 3.0-24

= 2.39 x 109 cm/8ec

Considera fissionfragmentof velocityv in a particularincrementof

3velocityspaced v. It may producea fusionby col.klsionwith any par-

ticlalyingin the velocityspaceinsidetha sphereof radiusv. about

tha originand outsidethe sphere of radius V1 circumscribedaboutd3v.

This Volm betweenthe two spheresis givenby

I

o*

3) Totalnuinbmof CO3.MS1OYM:

A dmplifylng approximation

Since the upper Mnit on the velocity

followsfran the fact td V1- 2V0.

v of a fissionfraggnentis Vo, the

lowerI.lmit is V1 - V. which is not ~atly differentfrom v.. on this

account,in the integralbelow,v may be replacedby ~, and V1 may be
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collisions per secotiper cm3 = *.[
TV

rel

V.

{ (Vo+v

vl-v~

.,

2

)(
- V1 )dvo+v-Vl

In this expression cri13 the crosssectionfor fusionof two llght

fissionfrsgments. It is not known,but

fr~nts havingrelativeenergygreater

The totalnumberof collisions

18 asfmmd to be 03M barn fO& tw

than the Coulombbmrier.

is

(2V0 - )Vl u ().43x 109 cq/Oec

ToteJ.numberof fusions-

( 2
4 3

(
&4 6.39 x 109) (.43x 109)

(736)2 X 10-8 )m, 4.33.:x10-” 3

= 1.2 x 1o14

Distributionof fusionnuclei

This numberof atomsis distributedamng several nuclearspeck.

In orderto get an ideaof thla distribtawnwe may fit the li@t fission

fragmentweld curveroughlyby a Wusslsn (whereA Is the mssa number of
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The probabilityof formationof _alementA

exceptfor the effectof vsxiat:Lonin the
—

Al + A2 i8 pl?OpOrtiOIMdtO

Alg.xp.
(+)

12-A2
●

Gaumwbarrier,and of increase

in initialkineticenergyof a fissionfragmentas its mass decreases.

Thesetwo faotirseffectthe so:Lidangleoverwhich collisionsmay occur.-

to form a fusion. .

In generalqost collhions are not head on. The relativeMnetic

energyof a collisionof two particlesof equalenergydependson the aigle

at whichthey collide. The rehtive velocitymust be averagedover all

is greaterthantha Coulombbarrier. This correction-es for Uch Eml , _

may be made crudelyas follows. Let the anglebetweenthe two colliding

ftmgmentsin the lab systenbe Q, and assumefor tiimpllcttythat the two

f-nts have equalenergyE. Thent

E
.&M 2

(1

12 sin2 e
rel 2Z!vrel=2 %Mv z!

For each valueof E the limitingangle0 such thatE- Is not less than

~, the height of the barrier,is givenby

The averagevalueof the relativevelocitytimesthe effective

solidangle8

● -o,.9*● ● o
● 90

● :● ::0
● a 0

-Q-
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For exs@le

of tvo atoms41-104.

The kineticenergyof

considertheelement82-208to be made by fusion

The barrieris

[--”) ,.* (41*;-l’n X@v
2(loh)

eech f’mgli?ntie-w x168= 94me~o

-—
relative kln#ticezu!rgyof’the two fraglnentsis

188 mev. Therefore fusioncan occuruntileach fragmnt has lost

+(18$ - In) = 8.5 iiw. The effectivemean energy of the fragmentis
G

gl+i=gomv.

For the
,---

alresdyfoundthe

One obtsins _

:-A-

= .093v “’
v-

.+——— -——

fO~tiOn Of 76-192m two ~tOM
..

barrierto be’143mev and the mm.

.-. =

of 37-96we have

energy 85.3XJW.

.&—

II

At the light end of the spectrwawe now need the correctionfor

formationoil70-176fra two fqnts 35-88. The _ b-is is
. L

(1●C)6_J.a$= 133 mv
2(88)

——.4--
The initial klnetlcenergyIs __

w’ x 168 = 105 REV.

The maximumkinetic energy
I

●

✚✚
● m
● m

●

,1
‘( ●**

1’

I‘1

—0
●

●

is 21.0 Y, thereforeeaoh ant
●* ●*
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1

I

effectiveenergyof each

1 85-%mev*
fragmentis 105 --23* The effectivecorrectionfactoris

‘ _f-p%)3’’{=.b3

b i)vml = .43v .

Aprobabledistributionof fusionproductsis shownbelow.

The relativeprobabilityof formationhas been computedfor the instan-

taneous A

energyin

will boil

value. However for en. these nuclei there is enough kineticc..— -. .,

excessof the energyneededfor the reactionthatmany neutrons

off.

The average bindingenergyof a neutronin this regionis 6 mev....

At the heavyend, e.g.Au, the availableKE rangesfrom171 to 188 mev,

. and the endothermicenergy of fwion is 101 mev. Thereforebetween12

and 14 neutronswill boil off the nucleus79-202producingnuclei Z = 79
1

and A = 190 -“188. Since these &ments are far below the curveof sta-

bilitytheywill decayrapidlyby K-capture or by positron-emission.

The significantquantitywill thenbe not Z but A.

Similarly,in the regionof the most probableinstantaneous

element75-190,the availableKE is 198 to 143 mev and the mass difference

is 89 mev. Therewill be from 9 to 18 neutronsboiledoff producingmass

chins of 172 to 181. Andat the light end of the distribution, e.g.

70-178,the availableKE rangesfrom 210 to 133 mev, while the mass dif-

ferenceis 80 mev. One expects therefore massesranging’from 169 to 156

correspondingto loss of 22

probabilityof formationis

●

::
● *
● e

to g“’neutrons. For the sake of brevity, the

given for every other mass number o*.

● ● .40-●b*● ● c .“:“*:.“.
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Probabilityof Foqa. ous Elementsb kyFus - -.
f of neutrons) %

Instantaneous Instantaneous!Gaussian Gamow Relative
A z Factor Factor Yield

202

198

1$)6

194

192

190

188

186

184

182

180

~78

176

79

79

78
..-

77”

76

75

75

73

’72

71

71

70

69

.46

.61

.75

.88

.97’

1.00

.97 ‘

.88

●75

.6i

.46
–,

.32

.22

.13

.17

.20

.23

.26

.28

.31

●33

.35

●37

.38

.40

.42

●43

.44

.24

.38

.54

.72

.85

.97

1.00

.96

.87

.72
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Probabilityof Formation of Chains of Mass A
(Afterconsideratlonofthe effectof boilingoff of neutrons)

A RelativeProbability KnownActivityat End of Chain
of Formation

lgo

188

186

184

182

180

178

176

174

172

170

168

166

1.64

162

160

.15

.42

.60

973

.83

.94

1.00

●97

.88

.80

.70

.58

,47

.32
i

.23

.16

Unknovn

unknown

unknown

unknown

Re182
75 (13h, 64 h) K, e-

Unknown

178 (15.4d) K, e-
73Ta

Ta176 (8h) K, e-
73

Unknown

~u172
71

(>100d) K, e-

Lu170 (2.1 d) ~ +
71

unknown

unknown

unknown

6P 160 (20 m)

Of ‘tieseelements, two at leastare positronemittersand so

more easilydetected. It is possiblethatthereare othersamongthe

unknownisotopeswhich are positron active. The activity which can be

collectedis somewhatmarginal. Considerfor examplethe collectedac-

166
tivityto be expectedfor the positronetitter69~ ; assume10-10of

.0.:: “’+23““:.“O
wee ,

6
● 0

:● ::
● **.

● S*
Cc . . . ●

● O

● UNCIASSIFIU
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lJNCIASSIFIED.
the bomb is collected. “.O ~ ~~ : :* : :

1.2 x 1014J“;OviO:x~;~;:-O = 1 ./m
.

The yield of fusion el&ents is proportional to

where e Is the electron temperature,&ls the efficiency,and V is the

reactionvolume. In the caseof the superboth the volumeand the electron

teniperatureare expectedto be lwrgerthan in an ordinary fission bomb.

The super

plans are

increase,

thereforeoffersan opportunityfor an increasedyield. Present

not welJ enoughdefinedto justifya useful estimateof this
.-

however.
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