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Description of an "Avéragé"‘Fission

K. Way

-

B? The Average Neutron Fission in 0235 and Pu?sg

The fact that a great many different pairs of fission products
are found after the thermal fission of a number of nuclei of the
éama kind shows very clearly that the fission of a given 1sotope
can take place in a number of different ways. Each difrerent mode
of splitting probadbly résults in the emission of different numbers
of fission neutrons and bﬁqmys and the release of differernt
amounts of energy as well as in the productlion of different end
products. The possible variations of the fission/process are of

great practlical as well as theoretical intersst. IHowever, the way

that fission takes place on the average is a matter of fundamental .
importance for it 1s the average number of fission néutrons, the
average ehefgg_relaaseg and the average amount of radiation emitted

which determine the way in which any reactor making use of the

fission process is going to operate.

The averags fission brought sbout by the capture of a slow
neutron by the nucleus of_0235~can now be falrly accurately described.

It is en event resulting in ﬁhe production of two principle frégmants
whose mass numberé are ~-95 and 139 and of 2.5 new neutrons. These
neutrons are e jected from the fragments after the main division has
taken place. At the time of fission 5.1 mev of Y ~rays are emitted
vhose average energy is.. 1 mev, The total ensrgy feleased in thé
disruption, amounts to . 175 mev. After the fission the two princi-
pal fragments decay radloactively wilth the emission of_x? and é?i

. N g .
rays. The energy released per sec at time t between 10 sec and 100

days after a fission has taken place 1s given approximately by
% Originally intended to be part B ol a longer report. -




‘K me&/sec/fiésibn ' 1,2§t'1°24
f +§ mev/sec/fission 2.0661:'1*'2

where t 1is in‘seconds° (For shorter times ses the\curves of:
W.2 o) The total decay energy is equal to about 22 mev. This
figure includes energy carried away b§ neutrinos. Thus the total
energy released per fission 5eforefstéble'end products are pro-
duced is equal tg about 175’* 22 or 197 mev. In a pile more
energy than this primary amount is released per process on account
of secondary events such as the capture pf the fission nsutrons,
¥ - n reactions, etc. | \

Iﬁ w§uld bs very ihtereqting to know in Just how many ways
the average fission iﬁ other nuclei differs from this averags -
" neutron fission in_ﬁzss, Not very much information is available_
at present. A 1little is known about differences in the end pro-
ducts and in the number of fission neutrons produced. Thevmost
_probable fragmenté from the neutron induced fission of Puzsg are
elements of mass 139 and 98 and the average’number of fission
neutrons is 2.95. In the slow moutron fissiqp of U123 the most
probablé fragments have mgsses of 139 and 935 and an average of
2.66 neutrons are produced per fission. The striking fact that
the maximuQ of thé heévy'fragmentpgqoup seems always to come at
the same placa, namely at mass nuﬁber 139, will be discussed in

a later repork.

- B.1 The llost Probable Fission Fragments

The most probable fission fragments are found from the curves




. masses. By yield of a mass number is maanﬁ the fraction of )
fissions in which the given mass number is produced. If there are
always two fragments, that is if three particle fission does not-
take place to any appreciable extent, the sum of all the ylelds will
be equal to two. This value is found for the total yield of U235.
The value for Pu®®? is more uncertain. ¥Yield curves for both U‘g:55
and Pu?39 are to be found in F.6 and S.2.

B.2 The Fission'meutrona

I

The numbor of neutrons emitted in a neutron induced fission
became of the grcatest interest aftér the discovery of fission
itself since it was realized almsst immediately that‘if this number
were greater than one it might be possible to establish a ¢hain
‘reaction in fissionable material,

The approximaﬁe number of the néw neutrons produced by fission
was soon estéblished in various ways. It was also shoun that these
neutfqps are'fast; Von Halban, Jolict, and Kowarski (Hol) studisd
the neutron distribution aréﬁnd a source in a large container £ille
ed with a solution of uranyl nitrate and found that the addition |
of the fast fission néutroﬁs changed the neutron distribution from
that found when the container was filled with ammonium nitrate.
They estimated the humbor'of fast neutrons produced per fission
to bs 3.5 : 0,7, Anderson, Fermi, and Hanstein (A.1l) studied
the distribution of nsutrons in a large %ank of watér with and
without a spherical bulb containing uranium around the source and
determined the mumber of fission neutrons to be ~»2. Zinn and
- Szilard (Z.1) observed protons projected by the fast fiésion
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neutrons in an ionization chamber filled with.hydrogeno. By
détermining in addition the number of fissions which had taken
place they were able to estimate the mumber of fiséion neutrons
-as 2»3.: | l

The best value for the number of new neutrons produced per.
~ fission of U252, ¥ 5z, is now believed to be 2.50. Snyder and
Williams (S.1) working at Los Alamos found Vo = 2,54 © .10 in
an éxperiment which measured the fast neutrons produced per,
fission direcﬁlya They established the rate at which thermal fis-
sions were taking place ih a sample of ye3s placed in a Qhermal
column and4ﬁhen cbmpared the number of fast neutrons emit ted by
this sample ﬁe? sec with the number coming from a Ra-Be source
of known strengthg\

The number of fast neutrons emitted per slow neutron absorbed
'in U835, w5 or Tpg+ Was determined by Formi, Larshall, and
larshall at the Argonne (F.3). Ekpressed in terms of symbols

o -

s © | Ve 93/ T3
s < | v oW oR |,

where Oy and (T} denote the absorption and fission cross sections
respectively and the,subécript 25 indicates that all values are to
be taken for the isotope U358, 1In the Argdnne experiment the effect
on the rsactivity of the graphite pile of a sample of uranium en-
riched in the 235 isotope was compared with the effect produced by
a boron saample of idertlcal nsutron absorbing pdwerg The value
found for fygg OF Tgs Was £.15., Vhen this number is multiplied by
the ratic of the absorption to fission cross section, 1,18, one

>

. finds agein Mye = 2.54.

The value.ofﬁlos can also be found from measurements of the

\
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value of Y] for natural uranium which is defined as the number
of Bew neutrons emitted per thermal neutron absorbed in the mix-
ture of U°°® and UQSB found in nature.

| | | G 25 Oa 28
\ Con- Y, /L |

r 25 Faf 25_[

where the subscripts 25 and 28 mean that the cross section in
question is to be taken for U2 op U29° and F is the number of

atoms of U°°5 per atom of g8

in the natural mixture or 1/139.
The ratios in the denominator of the right hand side are now well
ostablished as 1.18 and 0.66 respsctively. The value of 7| has
been determined in two long series of exponential experiments 1n'
graphite and water lattices to be 1.345 (W.1l). Making use of

thess three numbers one finds V = 2:48. 1In spite of the fact

25
this method of finaing v is an indirect one, involving the results
of.saveral exper;ments, the wvalue derived from it carriles a good
deal of welght because the thres mumbers involved are pqobably
accurate to <. n% so that the probable error in ) is oniy/x'Q%o
It 1s for this raason that ths best value is'gliven as 2.50 rather
“than a number slightly higher.. ’ |

'  It is interesting to note that the value of ¥ does not
change‘ﬁith.ﬁhe energy of the nautfons inducing fission. Experi-
ments of Wilson, Woodward, and DeWire at Los Alamos (W.6) Bhowed
that {)25 remained constant as the emergy of the figsion produc-
ing neutrons was raised from thermal to several hundred kilovolts.

The experiments just described give the toteal mumber of new

neutrons emitted per fission without reference to the time after

.lllll. h
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the fission at which they are produced. It was
dbserved_shortly aftcr the discovery of fission that some of the

fission ;euﬁrons appeared some seconds after irradiation of the
fissioning matcrial with neutrons had stopped. These "delayed"
neutrons have been shown, in two'caées at least, (L.1l) to come
from the fission rroducts and to amount to only a small percent-
age of the total mumber of fission neutrons. O»73N in the: $8se
of U235, 0.24 for UZ53, 0,367 in the case of Pu2®%, It 1s of a
good deal of interest to kmow whether;the other, the so-called
7 prompt" fissidn‘neutrons are also emitted by the fragments but
‘at vory mich earlier times or whether they are ojected along |
with the main fission fragments at the moment of disruption of
the original nucleus° . -

dxperimants performed at Log Alamos by Wilson(w 7} indicate
.that they c ome from the fragments in most cages. In these experi-
‘ments the fission fragments ~wore chanmelized in a certain direction,
The number of neutrons emitfed in this direction was found to be
‘much greatef than the number emitted perpendicular to it showing
that thé neutrons possess the fragment velocity. and are thus
qmittéd after the fragments are fqrmed@ HHowéverp the possibility
that soms of the neutrons may be e jected a2t the moment of division
‘does not seem to be excluded,

Jt seems quite reaséhable that the fission neutrons should be
emltted by the fragments,very soon after they are formed and be- -
fore there has been time fof any radioactive decay. Just after

the disruption the fragments undoubtedly have shapes which are

\ L
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very much distorted in comparison with their normal ones.  Ths

vpotent‘ial ensrgy whlich is translated into kinetic energy as the

'normal shape is assumed could make possible the boiling off of some

of\the neutrons. ~ The energy made avallable is a kind of "snap back"
energy. The greater the distortions of the fragments the greater
will be the possibil‘ity' for the emission of fissiog neutrons. One
would a:_l_so/expect that the greater the distortions., the smaller

will bs the kinetic energy of the fragments. CIf the fragm:snts

are very mich stretched out at the instant of division, the
distance betwéen their centroids will be gi'eater then if they
were spher*es;, Distortions in which the reverse 1s true do not
seem 1ikely %o lead to fission. The separation of’ the centroids

at the moment of final cleavage determines the electrostatic re-

‘puléion of the two fragments and so to é large extent their final

" the spontansous fission rate of Pu

kinetic 'energy. Thus the greater the number of neutrons reoleased
becausse of distortion of tﬁe tévb fragments the sméller should be
the ir finél kinetic energy because of tl*;e large separation of'
their'centroids < This picture vi 11 be discussad 1p more detail In a

later report wvhers deviatims fom the averags rission' are considersed.
The rurber of neutrons emitted per fission, or the value of V,
seeiﬁs_ to very conslderably with the i‘issioning nuclsus. For P}lzsg
1t is equal. to 2,95 (3S.1) and for 2991t 1s nou thought to be 2.66
(I.1). The éuggéstion just maée would imply that greatoer diétar~
tion 1s recessary to produce fission in ths compound nucleus Pue40
than in 0256 and 1e‘ssv in 112"’5é than 1;:‘; 'U25€/° One might then expecﬁ

240 ¢, be lower than that of U-°0

0% /lonkep also
and that of U to be higher.' The table on pg. 4, LA=140 shous that

_7 '



m
just the opposite is true in the case of Pu240 ang U236, The
relative rates of U234 and U°®6 are not yet established. Of
course, because of spin or of nuciear rmoments, it may not be justi-
fiable to compare the fissionabilit& of a compound nucleus forhed
Qby\neutron_capture with that of a normal nucleus,

The energy spectrum of the fission neutrons was determined by
Richards (R.1l) by means of proton recolls in photographic emmlsions.,
Calculatioﬂ? of the age of fission neﬁtrons by Plasa (P.l) based on
Rlchard“g-résults agree well with the value 35.6 cm measured by
Fenm?n Marshall, and liarshall (F.4). The éverage enefgy of a fission

~

neutron as found from Richardt®s curve;is 2.1 mev.

B.3 Delayed Neutrons \

Although thé deiayed neutrons are counted as “fission.neutrons“
in all'determinations of.ths number of new neutrons creatéd per
fission, their origin isbsé different from that of the prompt nsutrons
and their role in the control of a nuclear reactor is so important
that they deserve speciai consideration,’ |

The facts )movm at. present are summarized belqw in Table B;la
The values of hé half lives of the delayed neutron emitters énd
tﬁéir‘relativo yields when produced by the fission ol o35 are takeﬁ
from.Hughe;. Dabbs, and Cahn (H.6); the absolute yield for'ﬁ255.from‘\
Hall, Hughes, and Spatz (H.2); that of Pu relative to U235 from
Redman and Saxon (R.2) and Feld and d» Hoffman (Foe); and that ofv0235
relative tc/Uzss-from Cahn, Hughes and Dabbs (C.l). The energy values
 gre averages of those Féund by Hughes, Débbss and Cahn (H.5) and those
found by Burgy (B.4). ‘ o

~
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Table B.l
(

Data on Delayed Neutrons

) Yiold in Units of 10-%

Half Life Energy in KV 235 P53 57239
55.6 sec 250 2.5 1.8 T
22,0 - 570 16.6 5.8 10.5

4,51 412 21,3 S W 12,6
1,52 670 - 28,1 6.2 ‘11,9
0,43 400 8.5 1.8

Total sesessos 73,0 24,2 - 36.4

Bohr and wheeler (B.l) pointed out in their paper on the ﬁheory
of fission that it might be sxpected that various - nuclei created by
the radioactive decay of the original fission fragments would be
produced in excited states vhich had sufficient energy to boil off
a neutron. Such exclted states would be possible in a daughter
nucleus if the energy emitted in the decay from parent to
daughter\were very much _greater than the binding energy of a neu-
tron in the daughter, Some transitions might then be expectsd to
levels with more energy than the neutron bindinz energy. In such

lovels neutron evaporaﬁion would take place before garma radiation

s
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to the ground stafe occurred. LEstimations of (5 decay energles
and of neutron binding energy of fission products show that in
a nuﬁﬁer of cases the former is greater than the latfter. 1In
fact from these estimations 1t is difficult to understand why
there are not more delayed neutrons ﬁhan have been observed. In
prlanation one ¢an séy that the mass formula used by Bohr and
Vheeler to calcﬁlate the deéay and binding ensrgies must‘be re-
garded as only approximate. The S decay energles which it pre-
dicts (i7.4). afe not in véry good agreement with observed values

even vhen the disintegrating nuclsesus is near to stability. It is
just in this region that the snergy calculation is supposed to be

- the best. For muclei that ﬁre far from stability there is at -

present no evidence as to the validity of the mass formula. Spiﬁ
and nuclear moments which so far have not been %taken into account
in any way may also p}gy important parts in delayed neutron
emlssion. \

B.4 The Fission Gamme Rays

1t had alwaygrbeen supposed that K ~rays were emltted by the
two ffggmants just after the disruption since these fragments must
in general be formsd in excited states. One woﬁld not expect the
total amount of this E'-ray energy to be more than ~~ 10 mev, or
~ 5 mev per fragment. since if energy greater than the neutron
binding energy were available in either fragment it is likely that
additional neutroms would be omitted.

An experliment of Deutsch and Rotblat (D.3) performed at Los

. Alamos showed that there are'definiﬁely coincidences between

fissions and ]Snrays; The total E”bray energy emitted by both

’

“
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" fragments turns out however, %o b'e only 5.1 2 0.3 mev, a valus

| considerably lower than the 10 mev estimated above as an upper
1imi‘t,', Absorption measurements showed the \('—rays to have an
average energy of about 1.0 mev. The constaﬁt.s of the circults

‘ /were such that it could bs said that the X ~-rays were gmitted
withj.'n‘. two 'microsecondé of the time -‘the fission took pla.ce,v The
results were unchanged wlie.vn adjustmexﬁ:s were made so ‘that a coin-
cidence would still be recorded 1f four microseconds glapséd between
flasion and X.—ray emission., The experiment,.of {:oux;se, did not
ru.ie out the possibility that the \-64rays are emitted by the éomu
pound ruc leus before the instant of division. It alsc indicated
that there i-s a fairl'y‘wide spread about the average quantum
ensrgy found.

B.5 Fission Product fadiations

Strietly spéakix:g the fission process has been completed
-when the division of the qrigiml nucleus has taken place _an'd the
resulting fragments have lost their excitation energy. But even
when the fragments .’:.ave'réached their ground states e‘nergy con-
tinues to be released becausé they are nuciei whose ratio Vo.hf.‘._
neutrons to ﬁx:otoz:s is much too great for permanent st‘ab.ility»
The excess neutrecas are converted into protons through the succes-
sive emission of ,8 particles until a stable proportion has béen
attained. . The £ decays are in general accompanied by ¥ rays
so that pe’netracing ags woll as easily absorbable 'radiation con-
t_inues to come from the fission fragments for some time. ’

In a brocd senée .thé fission process can be regardsd as

extending frca the moment of disruption until the time when the
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fragments reach forms of 1as£1ng stébilitya Certainly(frbm a
practical point of view the slow énergy evolution vhich forms
.an aftermath to the sudden rglease of the original disruption
'1s of very great importance. Any feagtor.Which makes use of
Wﬁhe fission ensrgy must be so designed that the radioactive
\ fissioﬁ préducts are not harmful sither to operators or appara-
tus. - Here again the quantity that is of interest is an average
quantity, the average amount of snergy released per fission as
L or ‘K4rays at diffeorent times after the fission has taken plaéeo
The radiochemists of the hroject bave identifled chemically
many fission products, determined genetic relationships among
them, an@’msasured the energies of the /3 and 56 rays‘emitted in
. various transitions. They have also established the yields of
different products or the fraction of fissions in which a specific
product is‘formed. At very long times after a fission has taken
place their data has been ussd to calculate directly the averags
radiation emitted per unit time (T.1l). The calculation is possible
becéuse at such times only a few long-lived filssion products make
an important contribution to the total energy ejsctad, The yie1ds
of these products are generally well known since‘long~li§ed'pro» '
ducts were naturally selected for yield measurements, and the
enefgies 6f.their radlations have élso been detérminedw
For many shorter lived produqté, howevgr; neither the decay
le?ergies nor the yields are lknown. Although genetic relationships
may have bsen estabiished with longer llived products, it 1s not
at a1l éertain yet how the ylsld varies along a chain, with which
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member the .chain usually-ézgggs-or how often it 1s formed on one

side or enother of the most probable place. Since-calculation‘
from the 1ndividual data is impossible, expsrimental deﬁorminé~
tions of the average energy released are needed. A number of

such measuremsnts have been made on the project. Wigner and'WAy ~

\

havb colledted the déta in a ‘report (Waé) which gives refersnces
to all ths original work. Rules of thumb_ﬁhich fi¢ the experiment- .
al data to within a factor/of 2 for times between 10 seconds and
100 days'after a fission bas!takén.plgce have already been given

in the general discussion of the average fission.

A theoretieél calculation of the ratio of decéy of fission
products and of théir energy emission is also'given in the paper
Just referrqd to. The resulits are in fairly good\agreement ﬁith
the experimental ones except at times of the arder . of bﬁl_sec
after fission has taken place. Recent experimental evidénce of
‘the radlochemists presented by L. E. Glendenin, ¢. D. Coryélla
‘R. R, Edwards, and li. H. Foldman, CL-LEG-1, in support of the
hypothesis that the chain lengths of the light and heavy groups
are about equal points to a change in the theoretical treatments

which leads to better agreement with experiment at very short times

after fission. A revised edition of the paper will be issued soon.,




- e

Integration of the expression for the rate of energy
emission with resﬁect to tlme % aftier fission has taken placs
Sfrom ¢t = 0 to ¢ n!ﬁﬁzgives the total decay energj emitted by
the fission products $efore stable forms are finally reached,

The result is

Average total decay chain N
- . 5522“’5m9VG

 etergy released per fissio

B.6 The Energy Release

With the help of project contributions to knowledge about
the average decay energles of the fission fragments and of the
average energles of the fission neutrons and X -rays it is now

possible to make a fairly good estimate of the average amount

of energy rpleaséd per fission. It 1s this average amount - of
snergy whi;h is, of course,iof pafamountiimpartance in the
Qperation of}any miclear reactor. The amoﬁnf of energy absorbed,
per fission in a reactor is a quantity Which'can be measured and
whiﬁh affords a éheck on the enérgy release calculated by

adding together the energies of the fragments and radiationa.
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If the mass difference between the initial fissioning nuc-
leus and the final stable fragments'were known., the total ensrgy
release could be found immediately. Unfortunately the differences
befween the packing fractions of uranium and of elements in the
fiséion product region are not sufficiaﬁtly well knowmn to‘maké
accurate calculafions:of mass differences possible. Dempstef (D.1)
gives 10.41 % O,,IXIO,"4 as the differences between the U238 - snt1®
packing fractions while (raves (G.3) gives 10,12 i'00911o"% for
the same difference. Ilaking 10.27 * .25 as a reasonable value ahd
assuming the split to be into two equal parts, one'}inds 238 x 10927
= 242 mmu = 225 mev with a probable error of 5.6 mev as the snergy
released when the mucleus U338 divides symmetridally° If Demp-.
ster‘5 packing fraction curte (D.2) is used, an energy reléase of
208 mev is found for the division of U236 into 11095, Lal3%, and
two neutrons.® | \

The best estimate which san be made at present by'adding to-
gether.msésuréd values of the different kinds of eneréj detected
- . gives 197 mev for the average cnergy released by the time the

fission products have become stable nuclei. The various contri-
~ butions are listed in Table B.l.a
' Table B.l a

Average Amount of Snergy Released by Neutron Fission of . T220

Kinetic Energy'of‘Fiséion Fragments 165 ¥ 15 mey
Kinetic Energy of Fission Nsutrons . 582 .5
' Energy of Fission ) ~Rays _ 5 1.3
k Radiosctive Decay Energy of Fission Frag.- o2 I 3
\ D 197 2 16 mev

= Rall, CP-3547 finds the pack.ng fraction difference between U<38
and ZrY2,94 to be 12.2 ¥ 0.9 x 10~4. This value is fairly close
to the curve given by Dempstar in D.2. '

#¢ This error fizure is largely a gusess. Kanner and Barschall esti-
mate that thelr ilonization neasurements are good to 579 but can
offer no opinion as to the walidity of their absolute calibration.

Ve



No new information about the kinetic energy of.the‘princiw
pgl"fissioh fragmsnfs has been obtained on the project. One would
expsect the valués to be‘quite lafge, Tvio equal similarly charged:
sphefes originally in contéct will acquire kinetlc energy\of
726 z/ng whe re Ryp 1s the distance between their centers. If Ry
is equal to 2r Al/5 where A is the mass of each spherd and rq, is
the radius of an elementary particle,‘ﬂ/sz/émc » then the kinetic
‘energy is equal to szcz/Al/S or ~ 215 mev. This is undoubtedly.
an overestimate since by the time the connection between the. two
fragments is\broken, tﬁeir centroids aré probably a good deal
farther apgrt_than are those of two touching spheres.

- The figure for the fragment kinetié energy given in the table
is that due to Kannef and«Barschall'(Kol)_who méasured the ioniza- o
tion produced by the fission fragments ejected from both 81595 a
thin foil of uranium. Correction was made for the energyllost by
the fragments in the foll itself. The conﬁersion of iOnization
values to energy values was accomplished by means of a calibratlon
w1th the Cz particles of ThC The assumption underlying this
method of calibration is that heavy particles lose the same amount
of energy 1n the produqtion of an ion pair as does an<2 particle.
The correctness of this assuﬁption was tested in one particular -
case by an experiment of‘Gerthsen end Grimm (G.l) who found that
the nuclel of‘the The’ which are given back kicks by the e jectlon
of A particles expend an average of 36 ev in the production of an
ion pair. N

Expariments similar to that of Kanner aﬁd Barschall were per-

formed in Austria by Jentschke (J,i) and in Germany‘by Flammersfeld,

—
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Jensen, and Gentner (F.5). These ﬁorkers\used-a uranium foil -

lﬁo separate two lonization chambers so that the lonization due

to each f;ssibn fragment could be deternined separately! Their '

data give a great deal of insight Into the deviations from an |

average fisgsion which take place and will be discussed later in
s more detail, For the mean total Kkinetic energy of both fragu.
ments Jontschke found 160 mev and Flarmersfeld, Jensen and
Gentner, 148 mev. Their\agreement on the deviationa'is goéd, soI
this discrepancy is presﬁmably dus to differeﬁt me thods bf'absolﬁte '
calibration. DBoth assumed that the energy needed to prpdhce an
ion pair is the same for 4 particles and fission proéucts but
~ Jentschke took the value of this energy in air for Q parﬁicies
of veiocity comparable with that of fission products to be 36.6
ev while Flammersfeld and his co-workers essentially established
their own value (although it is not stated explicitly) as did
Kanner and Barschall by determining the‘throw produced byq parti-
cles of knovm energy on an oécillograph whose linear reéponse.had
been estallished. | ‘ | |
In & very recent repetition of the Jentschke experiment Deutsch
and Ransey (D, 4) find 153 mev for the mean value of the total kine-
tic energy of. the flssion fragments of U233,

' Measurements 6f fission energy release of an éntirely ,
different kind were made by Henderson (H;S) uéing a c@lorimeter
techhiduep He fourd the energy which was absorbed in his calori-
meter equa; tO'iTV > 5 mev per process. This energy was released
in fission andlduring several minutes following fission. 1In
addition %o the kinetic enargy of the fragments, soft X-rays and

Kfurays witﬁ\enﬂrgiés less than 1 mev were absorbed. It is now




possible té estimate the total radlioactive decay energy emitted
at different times after a fission has occurred with the help of
‘the curvesof CC-3032, Howsever, such an estimation gives oniy
9 mev as the total energy emitted within 20 minutes after a 
fission. This figure includes ¥ -ray and neutrino cnergy so
1t dées not seem possible that more thaﬂ.ﬂ/3 mev can be attribu-
ted to éoft' ﬁ{—faysﬂ Correcﬁion for the decaj energy absorbed ’
thus does not ﬁéke it possible to account for the}disdrépancy
betwsen Hendersonts sxperiment and that of Kanner and Barschalla>.
The value of 165 mev for the fragment kinetic energy deter-
mined by these latter workers and used in TablevB.l leads to a
'/ total energy relsase that 1s about 5% less than would be exﬁected
- from the present packlng fractionvcurveo Packing fraction values
are in a good deal of‘doubt,‘however, in the fission product
. ragion-asrhés already been smphasized. The wvalue of the kinetids
. ‘energy chosen‘gives,’howeverp fairlyléood agfeement with measuré—
ments of the energy aﬁéqrbed in the Argonné and Clinton plles.

As has already'baeﬁ.pointed'out% the energy absorbed in a
pile is not equal to the-prim;ry enérgy release since some of the
primary energy escapes from the pile and secondary events releas-

ling‘additidnal energy occur. .The corrected'priﬁary energy release

is,'however, such a very large percentage of . the total energy

absorbed that a measurement of the latter arfbrds a good cﬁeck

on the estimate of the forier.
\ The figure found from Table B,lRof 197:mev for tpé éverage
amount of energy released per nsutron fission 6f‘U235 includes
the radioactive decay energy of the fission products which is
emitted in ﬁhé form ofvz?~raysy af-raysn‘and neutrinos, Of the
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total decay

N

energy of the 22 mev, -~/ 17 mev belong to /-rays

and nsutrinos and -~/ 5 mev to gamma rays. If i1t is assumed that

0.6 of the total /3 mdécay»energy 1s resmoved by neutrinos vhich .

escape from the pile, the# of the 17 mev belonging to /S»rays

and neutrinos 10 mev will not‘be_absorbed in the pile. The

total amount of primary energy absorbed per fission will thus

be 197 ~ 10

or 187 mev,

The amount. of secondary energy absorbed in any pile hos to

be calculated for the pile in question since this quantity depends

very much on the materials from which the pile is made and the

way in which the fiséionablg material is arranged in the modera-

tor, 1i.e. the lattlice constants. As an illustration, the calcu-

lation of the energy absorbed‘per fission in the Argonne pile |

is given in

detail,

The lattice constants are taken to have the following values:

£ =
124 =
1l-p =
£ =
£1 =
Ly, =

!

rfast effect constant = 1,04
totél.fissions/fhermal fissions = 1,075 .

fraction of neutrons'captured:at'resonance in U258w<,1O4

 thermal utilization = .866 ' '

fraction of fast neutrons which leak out = - 7Aw= ,035
fraction of slow neutrons vhich leak out = -A1R= 035 .

W7ith these walues dne can trace the prdduction-and fats of neu-

trons in.a cycle. from thermal fission to thermal fission when the

-pile 1is just eritical. The valus of V is taken equal to 2.48 -

since this‘is the aumber 1Blagreemént with the cross section ratios

and the valus of Y} found from ekponantial experiments.

1



Table B.Z2

Fate of Neutrons in Argonne Graphite Pile

‘ 2,48 fast n's produced from 1 thermal flssion

£ x 2 48 = 2,57 fast n's produced from one thermal
fission and subsequent fast fissions

2.57 (1 ~11) = 2.48 fast n's remain after fast:

leakage
.26 n's p x 2.48 = 2,22 n's are slowed
captured at to thermal energies -
res. in 28 :

2.22 (1 n,! ) = 2.13 slow n's re-
main a ter slow leakage

29 slow | £ x 2,13 = 1.84 slow
n's capt.] n's captured in U
in C '

.66 slow n's| .18 (1.00 slow
capt.in 28 capt.|n produces
in 25| the next
fission

Some‘of the fast neutrons produced in thermal fission induce fast

fission before they can be slowed down. In a cycle there are

1 +& or 1.075 fissions while only 2.48 fast neutrons are slowed

- down., Thé neutron kinetic erergy absorbed per fission thus amounts

to 2.48 x 2.1/1.075 mev or 4.85 meﬁp . The value used in the esti- |

mation of the primary energy absorption is 5.0 so there is only a

very small correction to the kinetic emergy to-be made on a&count

of fast fissiqn and fast leakags. _' ‘
The primary and secondéry‘enerquabsorbed per cycle can then '

be tallied up as folléws: '
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1.075 fissions with 187 mev per fission 201.0 mev

292 neutrons abserbed in 28 each releasing
5.1 mevi binding energy and 1,0 mev de-

cay energy 5.6
.29 neutrons absorbed in C each relaasing
6.0 mevi:r binding energy 1.7
.18 neutrons ebsorbed in 25 each releasing
6.4 mevi binding energy 1.2
209.5 mev

Mev/fission = 209.5/1.075 = 195

The measured value given by Engelkemeler. and Hill, Frledman,
and Anderson (E.1) is 199 ¥ 16 mev. Later calculations of the
corrections (W.3) reduced this value to 196.: 16 mev. In the ex~
periment the nmumber of fissions occurring in a spsclal lﬁmp placed
in the Argonne pile.wére determined from analysis of the Ba pro-

"duced while fhe pouer developed was calculated from the temperature
rise. The correction for ths energy Which“escapéd from or was not

| generated in the speclal lump amounted to about 10%. The probable
error 1s quite large so the good agreement between measurement and ,
calculation is not completely reassuring.

In experimeniis performed at Clinton by Borst (B.3), two quan-
tlties were determined independently; thé nurber of captures in
U238 per fission (often called the capture to fission ratib)'and ‘
the grams of Pu239 produced per megawatt day. The energy absorbed
per flssion is related to thesé in the folloﬁing simple'way:

Binding enorgies calculated with Bohr-lheeler mass formula. Phys.
Rev. 56, 426, 1939 .

i
#% Caleulated from the masses assuming one fourth of the absorption
is by cl3, .
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, | Mev‘absorbedn 014 x Saptures in 28 per fission
: per fission Gms 49 produced per megawatt day

Two detefminations of the capture to fissiop ratio gave'.877
and ,.883. These are in good agreement with the calculated value
of ,,8'7'7_a The nmumber of grams of 49 produced pér:megawatt day was
found hy chemical analysis to be 0,91, From the ahove relat;on‘
then ' .v - | |

Cnergy ahsorbed per'fissién in Clinton pile =

214 x .88
.01

As a chsck the_nﬁmbar of fissions which had taken place in the

= 209 mev

slugs in which the power had been maasured was determined frdm
the nuMbér of hard Lal40 'x -rays they’emiﬁted at a known time-
. after the ifradiatiqn% This value together with the original
power measurements gave
Ensrgy absorbed per fission in Clinton-pile'w.lsl"mev

¢

The vaiue caléulated ror the X pile’/:in.the way that ﬁas ﬁsed\

for the Argonne pile glves lgé:mavb' _ ' \

Tha determinations of the amount of 49 produced were made

from a -number of slugs with plant squipment and although Peflman
 feels they are reliable to = 3% it seems more likely that they

should be low then high. It seems reasonable %o suppose that the

second value of 191 mev is somswhat more reliable than the first

since it makes use of a.psthod for.thé datermlnat;on of the,number.v'

of fissions which 1hvolves-on1y the yleld of 140 chain, a quantity

very carefully established by the most cgfeful laboratory éethods@
Although ths'pile experiments thusAsuppdrt the/estiﬁafe of

Y the total energy release made by adding together known values of
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' energies emitted in Adifferent ways., the experiments are not
sufficientiy accufate to afford a really good test of the esti-
mate.  Data on the power-product ratio at Hanford should give

\

. deewiaye !
further helpful information. Assuretien determinations of
packing fraction differences would probably provide the best

" check. -

dkw/masam









