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The fission prodhicts’iri+e bumb at the time of the last few |
generations before explosion are sufficiently numerous that the probé-
bility of reactlion with each other becomes measurable. In this psper
the probebility of fusion will b; calculated. It is found that the
fusion of two light fregments is the only possible process of this
type. Por a bomb containing 1k kg of oralloy or plutonium and having
a 25% efficiency the yleld of platinum group elements is estimated as

l.2x lOlh

atoms. Although the nucleus produced instantaneously with
highest probability 1s 75-190, the excess of kinetic energy is such as
to boil off between 9 and 18 neutrons forming elements 75-175 to T75-182.
Therefore the nuclel formed will be on the low side of the stability
curve. Most nuclel in this region decay by K-capture although two posi-
tron emitters, 71Lu17° and 69Tm;66, are known and perhaps others may be
discovered.

d%néider an averasge light fragment, Z = 37, A = 96, and an
average heavy ffagment, Z =55, A= 138, which have just separated from
each other. The average kinetic energy of the light fragment is

%%2(168) = 99 mev, and of the hé;vy fragment is 168 - 99 = 69 mev,

A freshly formed light and heavy fragment have almost enough
energy to recombine to form the original gucleua 92~235. But two heavy
fregments are unable to combine £o form a transuranic element, e.g.
110-276, for the reason that the reaction is endothermic by more than
the meaximum relative kinetic energy of the two, e.g. 138 mev.

The situation is more favorable for the light fragments. Two
freshly formed light elements which collide may react to form such an

element as Th-192. The pasg difference between nucleus T4=192 and two

o UNCLASSIFIED
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nuclei 37-96, calculatec! fhom the'nebropolis mass table, has the value

89 mev. The height of the coulombd barrier® is 0.96 = 143 mev,

3
The initial relative kinetic energy for a hesd on co 2§.ch)>n of two
average light fragments is 2 x 99 = 198 mev, which is greater than both
the mass difference and the barrier. The barrier height, being greater
than the mess difference 1is taken here as the limiting factor; x-:e assume
that & light fragment may react until it has lost of the order of

l(198 - 143) = 27.5 mev, i.e. until 1t hes energy T1.5 mev.

Estimate of the probability of fusion of two light fragments

In order to take into account the collisions of two fragments
of ungqual energy :l-n the energywrange in which fusion may occur, we de-
fine a quantity q as the total number of light fission fragments per
cubic eentimeter and per unit volume of velocity space having velocity
between v and v + dv.

1) Calculation of gt Let N be the total number of light fission
fragmeﬁts produced during the duration T of fission in the bomb (T ~
2 ghakes). For 25% yield in a tomb containing 14 kg of Pu or oralloy,

1.4 x 10"

235
Let At be the time for a light fission fragment to lose 1 cgs unit of

2k

N = x]]fx6x1023-8.91x10

velocity. Then et any instant, n(v)dv, the total number of light t;ission
fragments with velocity between v and v + dv, is NOt/T.

To estimate At, the rate of energy loss of e light fission fragment
to a 10 kev Maxwellien distribution of electrons is needed; this may be

calculated from LA-40l. Assume the reaction to occur meinly at normal

Computed on the assumptj.on g;hat the nuclear redius is 1.5 x 10 13A1/ 3

L C BREI EASE
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N =92 x -5%% x6x 1023 e 4,46 x 1022& = density of electrons

gl=m3/2v2 (9x10 (28):109) - 56
Fo h] lt’lTNleé 1.06 x 10727 J—anu.ué x 10%* 23 x 10720

,anl-hoa

3:991nev,Tn10kev?.A-96,Z=37

1/2
ahhéxloe’*w— f(usxlo"lo (99xl6x106)

3(10 x 1.6 x 10’9) (1830 x 96)/2

QI&

= .0926 ergs/cm

&

The time to lose 1 cgs unit of velocity 1s

1 98 x 1.66 x 10"2h

Iz

A

1.76 x 10" seconds

ct

v (g:g_) -0926
(dt 3x
At oh 1,76 x 10"+ 1
n(v)dv = N i 8.91 x 10 - 5 = 7.85 x 10
2x10

} The quantity q 1s defined per unit volume of velocity space and per

i
. 1.4 x 10 3
and so contains the reaction volume V = —-—1-9—-— = 736 cm”.

-

< 1oll
o-nlv) 1 __ 7.85x10 1 = %.31 x 207
ke VB (L x 10902 10

x 4,02

3
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2) Total veloct}&jpa}:'e fiwaxzx \d’éléh collisions effecting fusion can

occur agailnst & given element of velocity space: For an average light fis-
sion fragment the maximum velocity is

.6
vo-\}a"”xl'é*"lgr1.h1x109cm,/eec

96 x 1.66 x 10"

The minimm relative velocity at which a fusion can oceur is

-6
2 x 143 x 1.6 x 10 9
V. = = 2,39 x 107 cm/sec
. % % 1.6 x 1072

Consider s riﬁsion fragment of velocity v in a particular increment of
velocity space d3v. It may produce a fusion by coliision with any par-
ticle lying in the velocity space inside the sphere of radius v, about
the origin and outeide the sphere of radius Vy circumscribed about a3,
This volune between the two spheres is given by

2o+ v - vl)/G-; - %)

° 2 2
(v°+v-v1)+-§v]- --ﬁ-o- 2ix dx
o T (VQ+V-VJ_)2
11
Vo - V1

3) Total number of collisions:
A simplifying approximation follows from the fact tha{ Vy ~av,.
Since the upper limit on the velocity v of & fission fragment is vy, the
lover limit is V3 - v, which is not greatly differeat from v,. On this
account, in the 1n1;egal.below, v may be replaced by -;J-, and Vy may be
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substituted for v l" e o

v _
- ° 2
Collisions per second per cmd = ?:’ ( OV a1 o° .’E.(‘.’.QY'L_"_i_!J-L b jovedy
) o ’ Vl-VO vl

~..wl°?we<<gﬁ,ﬁ_:_-_g; f( +v-v1) afro + v - ¥y)

Vi-Vo
3

b
~2112q20'1‘-?— gvo o V

In this e:qp:ession o is the cross section for fusion of two. light
fission fragments. It is not known, but is assumed to be one barn for two
Pragoents having relative energy greater than the Couloub barrier.

The total number of collisions is
h 3
22 T .(.%:.“TVJL
2’w q a _&W)g' LS N 2 d

_(2vo» - Vl) = 0.43 x 109 em/sec

Total number of fusions -

b 3
(736) 2 x 10°°) 2% 6&.31 X 10‘11)2 10-2 (2'29,:* 109) (a3 ; 109)

e 1.2 x 10

Distribution of fusion nuclei .
This number of atoms is distributed among several nuclear specles,

In order to get an idea of this distributjon ve may fit the light fission

fragnent yield curve roughly by & Gaussian (vhere A is the mass number of
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The probability of formation of _element A = A + A2 is proportional to

foo {587 e 259" a2 ()

except for the effect of variation in the Gamow barrier, and of increase
in initial kinetic energy of a fiisiéii;n};@nt as its mass decreases.
These two factors affect the solid 'angle over which collisions may occur
to form a fusion.

In general most collisions are not head on. The relative kinetic
energy of a collision of two pa;fticles of equal energy depends on the angle
at wvhich they collide. The relative velocity must be averaged over all
angles for which E rel is greater tha.n the Coulomb barrier, This correction
nay be made crudely as follows. Let the angle between the two colliding
fregments in the lab system be e » and assume for aimplicity that the two
fragments heve equal energy E. Thent

Voep ™ 2V 8in e/2 .

E., 1%v2 =2{%Mv2}sin2%

29

Erel =» 28 sin 3

For each value of E the limiting angle O such that Erel is not less than
Ep, the height of the barrier, is given by

8in 6/2 = J%

The aversge value of the relative velocity times the effective
solld angle:

Aggap\n:n ECQR PURII C RF| FASE
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For example consider the element 82-208 to be made by fusion

of two atoms 41-104, The ba.rrier is

'%ga(loh_% 2 ) lTl'mv

The kinetic energy of each Pragument is -32553—9& x 168 = % mev,

The maximnn relative l;;n;etic energy of the two fragments is

188 mev. Therefore fusion can cccur until each fragment has lost

%(188 - 171) = 8.5 mev. The effactive mean energy of the fragment is

94 - .8.52 = 90 mev. The effective

[

(a f\)v « 093 v

—-——

For the formation of ¢6-192 from two atoms of 37-96 we have
already found the barrier to be 1143 mev and the mean energy 85.3 mev,
One obta.ins -

(A.ﬂ.)v = 31v

At the light end of the epectrum we now need the correction for
formation of 70-176 from two fragments 35-88 The Gamow barrier is

‘ | {—-Qc’ ?- 133 mev
. 2(88)
The :Lnitia.l kinetic energy is ';_ : .
%ﬁ % 168 = 105 mev.

The nmaximum kinatic energy is 210 mev, therefdre each fregment can lose

a APPROVED ER_PHRLL C RF| EASE
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no more than %_;(210 - l33)“°- ?B.S:'me.v. ::‘I.ixe effective energy of each

fragment is 105 - % 38,5 = 86 mev. The effective correction factor is
S PR AEEEA LA
3 2x *
(Af_\.)vrels.hsv

A probable distribution of fusion products is shown below.
The relative probability of formation has been computed for the instan-

taneous A value. However for all these nuclei there is enough kinetic
. <

energy in excess of the energy ngededi%bf—£he reaction thét many neutrons
will boil off. ] :Ai

The average binding energy Qf a peutron in this region 1s 6 mev.
At the heavy end, e.g. Au, the available KE ranges from 171 to 188 mev,
and the endothermic energy of fus}9n is 101 mev. Therefore between 12
end 1% neutrons will boil off the nucleus 79-202 producing nuclei Z = T9
and A = 190 - 188, ‘Since these ¢lements are far below the curve of sta-
bility they will decay repidly by K-capture or by positron-emission.

The significent quantity will then be not Z but A.

Similarly, in the regioh of the most probable instantaneous
element T5-190, the avallable KE is 198 to 143 mev and the mass difference
is 89 mev. There will be from 9u£;7iémﬁgg£rons boiled off producing mass
chains of 172 to 181. And at thé light end of the distribution, e.g.
70-178, the availeble KE ranges from 210 to 133 mev, while the mass 4if-
ference 1s 80 mev. One expects therefore masses ranging from 169 to 156

corresponding to loss of 22 to 9Gheutrons; For the sake of brevity, the

probability of formation is given for every other mass number only.
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Probabllity of Fomtfon. of :ns_tant&xeous Elements by Fus -
(Not corrected Yor UL ¥ing off of neutrons) § N
Instanteneous Instantaneous Gaussian Gamow Relative
A Z Factor Factor Yield
202 79 A6 17 2k
200 79 B .38
198 78 75 .23 Sk
196 | T N .88‘ .26 .72
194 6 - .97 .28 .85
192 15 " 1.00 .31 .97
190 75 9T .33 1.00
188 T .88 .35 .96
186 73 15 37 .87
184 2.6 .38 72
182 71 © o Jb6 .40 5T
180 4! ' .32 L2 L2
178 70 .22 43 .30
176 69 A3 Lk .18
e
AR .-::,ul- 2 e
P (BCLASSI
SIS TS o
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Probability of Formation of Chains of Mass A
(After consideration of the effect of boiling off of neutrons)

A Relative Probability Known Activity at End of Chain
of Formation

190 15 Unknown

188 42 Unknown

186 .60 | Unknown

184 «13 ) Unknown

182 .83 75Re182 (13 h, 6k 1) K, e-
180 _ 9k Unknown

178 1.00 ]'T3Ta.l78 (15.% ) K, e~
176 .97 73Ta176 (8 b) K, e~
1Th .88 ‘ ' Unknown

172 .80 771Lu172 (>100 ) K, e-
170 .70 pl (219 gt
168 .58 Unknown

166 A7 69'rm166 (7.7 n) B*
164 ; .32 Unknown

62 .23 Unknown

160 .16 | 67110160 (20 m)

Of these elements, two at least are positron emitters and so
more easily detected. It is possible that there sre others asmong the
unknowvn isotopes which are positron active. The activity which can be

collected is somevhat marginal. Consider for example the collected ac-

tivity to be expected for the positron emitter 69Tm;66; assume 10710 of

oo UNCLASSIFIED
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the bomb 1s collected.

1.2 x 10 x 10729 « .05 x

) -
x e < L o/m

The yield of fusion eléments is proportionel to

g 32V
T

vrel

where 6 is the electron temperature, E.ig the efficiency, and V is the
reaction volume. In the case of the supef both the volume and the electron
tenperature are expected to be larger then in an ordinary fission bomb,

The super therefore offers an opportunity for an increased yleld. Present
plans are nbvt well enough defined to Justify a useful estimate of this

increase, however.
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