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A REVIEW OF NUCLEAR FISSION
PART ONE - FISSION PHENOMENA AT LOW ENERGY

Earl K. Hyde

April 1962

The original version of this report was issued in January 1960.

The present version is identical to it in organization but it

contains a considerable amount of recently published material
particularly in the last half of the report. The author wishes
to thank the maﬁy;individuals who supplied commehts and
criticisms of the original material and who called his attention
to important new data on fission phenomena. He would still be
grateful for comments and suggestions but makes no promises con-
cerning the preparation of a second revision.

Part two of this Fission Review entitled Fission
Phenomena at Moderate and High Energy was issuéd as report

UCRL-9065 .in February 1960.
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PART ONE - FISSION PHENOMENA AT LOW ENERGYt

11.1 HISTORICAL ACCOUNT OF THE DISCOVERY OF FISSION

After the neutron was discovered by CHADWICKl in 1932 and artificial
radiocactivity by I. CURIE and F. JOLIOT2 in 193k, FERMI showed the effectiveness
of paraffiﬁ—slowed'neutrons in the preparation of artificial radioelements. He
and his co—workers5 at Rome exploited this. technique very thoroughly by the
systematic bombardment of all the easily-available chemical elements with the
neutrons emitted by avradiﬁm?beryllium source. Quite naturally this study led
to the search for transuranium elements by the bombardment of uranium with slow

neutrons. FEBMI and his collaborato:c':-3’5"LL

produced a 13 minute activity by bom-
bardment of uranium and succeeded in separating it from elements 82 to 92
inclusive. This led them to the logical conjecture that this activity must be
element 93, particularly since it seemed to have the chemical properties ét
that time expected for this element (naﬁely, properties like those of rhenium) .
The formation of element 93 would be expected from the capture of a neutron by
-uranium followeé by beta decay. Continuéd work by the Fermi group and by other
investigators, however, resultedlin the discovéry of numerous additional activi-
ties--far too many to explain without postulating a very unusual pattern of
isomerism. Furthermore, the radiochemical properties of many of the new
"transuranium" elements differed from those to be expected of such elements.

In addition to the apparent transuranium elements, four radioactivities were

found which were reported to be B- active isotopes of radium because they

precipitated with barium compounds traditionally used as carriers for radium.

*Published literature to the early months of 1962 was surveyed in the prepara-

tion of this rgview. :

1. J. Chadwick, Proc. Roy. Soc. Al36, 692 (1932).

2. I. Curie and F. Joliot, Comptes Rendus 198, 254 (193k4).

3. E. Amaldi, 0. D'Agostino, E. Fermi, B. Pontecorvo, F. Rasetti and E. Segre,
Proc. Roy. Soc. A1k9, 522 (1935); A1k6, 483 (193L).

4. E. Fermi, Nature 133, 898 (1934). ‘
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The 1nvest1gation of those confusing products of the 1rrad1ation of
uranium with neutrons occupied the period from 1935-1939. The extent of the
expefimental work done on the ‘transuraniam elements" during this period and
' the confusing difficulties in the way of their cla551fication can be seen by
consulting a rev1ew5 published about one. year ‘before the~ disgovery Oftf15510n.

The honof of pfoving that the ﬁew activities were not heavy elemen£
isotopes, but isotopes of medium-weight elements produced by an entirely un-
expected nuclear phenomenon fell to the German radiochemists HAHN and
STRASSMANN6’77. These two chemists as well as I. CURIE and P. SAVITCHS, who
were working simultaneouély in France, were investigating the radiochemical:
properties of the new radium isotopes and finding surprising difficulty iﬁ
separating them from 1nactive barium which had been added as a carrier element{
The prdblem was solved by HAHN ald STRASSMANN when they added ThX(RazEu)
MsThI(Ra~ ) to the mixture and carried opt a partial separation.of barium and
radium by fractional crystallization of chloride, bromide and chromate salts.
The.unidentified activities isolated from.neutron;bombarded uranium targets ‘

. were observed to concentrate in the barium and to be separated from the ThX or
MsTthfraction. This proved that the uhknown activities must be isotopea of
barium and not of radium since other elements had been eliminated in the
preliminary separafion. In order to clinch the identification, radiochemical
experiments were pefformed on the daughter activities of the strange "radium"
isotopes. Previously the daughter activities had been bélieved to be isotopes
of actinium. HAHN and STRASSMANN separatéd the daughter products with
lanthanum carrier, then added MsTh‘(A0228)

a partial separation of lanthanum and actinium was carried out by fractional

as an indicator for actinium. When

crystallization of lanthanum oxa]ate, it was observed that the identified
daughter activities did not concentrate in the actinium fraction. The experi-
ments described in HAHN and STRASSMANN' "second" paper7

ard

careful/Umambiguous ever carried out in radiochemistry. The authors felt

rank among the most

. L. L. Quill, Chem. Reviews 23, 87-155 (1938).

O. Hahn and F. Strassmenn, Naturwiss. 27, 11 (1939).

O. Hahn and F. Strassmann, Naturwiss. 27, 89 (1939).

I. Curie and P. Savitch, J. de Phys. [7] 8, 385 (1937); [7] 9, 355 (1938).

w2 oW
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compeiled to establish beyond question the truth of their results beeause these
were so unexpected and so much at variance with previous experience .in nuclear
reactionsQ Thus, they had succeeded in proving that uranium, when bombarded with
neutrone, undergoes an unusual nuclear rearrangement resulting in the formation
of radieelemenﬁs with about half the atomic number of uranium.

'Thie was a sensational finding which was immediately given the correct
interpretation by MEITNER and FRISCH9 as the division of an excited uranium
nucleus into two fragments of medium weight. The partner to barium in such a
nuclear division might be krypton, and radioactive isotopes of krypton were
immediately found by HAHN and STRASSMANN . 1 HAHN and STRASSMANN'S results were
soon confirmed by chemical and physical experiments in laboratories all over
the world. More than one hundred papers were published on this subject within
a year.

MEITNER and FRISCH9 coined the expression nuclear fission (kernspaltung,
la fiseion nﬁcleaire) for this new phenomenon. From a consideration of the mass
deficiencies of the elements in the periodic table these authors also imme-
dlately recognlzed that an exceptionally large amount of energy should be
released in the reaction. A rough calculation indicated that about 200 Mev
of energy should be released per fission, an amount 25 to 50 times greater
than that reieased in alﬁha particle emission.. FRISCHlO first demonstrated

thls large energy release by'recordlng the large pulses of ionization produced

in a gas chamber by the recoil of the fission fragments. Almost 51multaneously-

JOLIOTll also showed the large kinetic energy of the fragments by range

measurements. »
Quantltatlve measurements of thls ionization gave the first evidence

of the asymmetric pature of fission. JENTSCHKE and PRANKL demonstrated the

presence of a low energy group and a high energy group centered at about 60

. Meitner and O. R. Frisch, Naﬁure 143, 239, 471 (1939).

9. L

10. 0. R. Frisch, Nature 1hk3, 276 (1939).

11. F. Joliot, Compt. rend. 208, 341, 647 (1939).
12. W.

Jentschke and F. Prankl, Naturwiss. 27, 134 (1939).
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Mev andleO'Mev respectively. Detailed'radiOchemical investiéations confirmed
this by show1ng that the main yleld of the fission products ‘comes in two groups
centerlng around mass numbers .95 and 138 '

branlum has a neutron-to-proton ratlo of 1. 55 whereas the stable isotopes
of the elements in the fission product region have a neutron- to-proton ratic of
1.25 - l.h5.‘ Henoe, the fission products are neutron-rich and unstable towards
B~ emission The 1n1t1al excitation of the fragments is suff1c1ently great that
neutron emission can compete W1th Y- emission as a de- excitation process "HAHN
and STRASSMANN7 noted the possibility that neutrons would be set free and such
neutrons were soon observed by -VON HALBAN, JOLIOT and KOWARSKT 13 in Parls, by
ANDERSON, FERMI and HANSTEIN 1k in New York, and by others A
15

v It was also soon found™~ that a small fractlon of these neutrons were
delayed in their emission and that the half-life periods for the emission of
delaYed neutrons ranged‘up tvoneiminute ‘Since neutron emission is not slowed
by potentlal barrler effects, these delayed neutrons were attributed to beta
emitters whlch decay with an apprec1able half-life to highly exc1ted levels in
daughter products which 1nstantaneously emit neutrons. '

' The early measurements of the number of neutrons emitted at the instant
of flss1on 1nd1cated that this number was 'certainly greater than one and probably
_1n the range of 2 to 3. Thls fact made it possible to conceive of a chain reaction
in which massive amounts of.energy might be released. For this to be possible, it
isvnecessary that more than one of the neutrons so released be absorbed by other
uranium atoms to cause fission. But the neutrons must be slowed to thermal
veloc1t1es if their effectiveness in caus1ng fission is to be hlgh Neutronflosses
can occur by complete escape from the reacting system or by (n,r) reactions with
U238 or with moderating material added to cause the slowing downvof the neutrons.

Hence it is not easy to construct a chain-reacting system. It is interesting to

1 . .
note that FLUGGE"6 in 1939 had already published an extensive review of the

13. H. von Halban, Jr., F. Joliot and L. Kowarskl, Nature 3, 470 (1939);
Nature 1Lk3, 680 (1939) :
14. H. L. Anderson, E. Fermi and H. B. Hansteln, Phys Rev. 55, 797 (1939).

15. R. Roberts, R. Meyer and P. Wang, Phys. Rev. 55, 510 (l939).
16. S. Flugge, Naturwiss. 27, 402 (1939).
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possibilities and problems of the release of large amounts of energy Dy the
fission of uranlum FLUGGE calculated that one cublc meter of U3O8 mlght
develop lO kllowatt hours in less than O. Ol seconds » v
It was natural “that experimentalists should try to 1n1L1ate the flSSlon
'reaction by other means than neutron irradiation of uranium. It was soon found
that fission could be initiated by bombardment w1th high energy photons,
protons, deuterons,.hellum ions, etc. Thorium was not observed to f1551on
withvfhermal neutrons, but if high energy neutrons or charged partlcles were
used, fission did occur. It uas even conceived that uranium might_fission
spontaneously without excitation from any external agent and this_phenomenon
was first demonstrated by PETRZHAK and FLEROV. o .__ -
. The slow-neutron fissionability of uranium was first attributed to the
rare isotobe of mass number 235 by BOHR, 18 and withdn’a year this was verified
experlmentally by studies of uranium isotopes separated in a mass‘spectrometer.l9’20
BOHR and WHEELER et developed a theory of the fission prooess in 1939
based on a conception of the nucleus as a liquid drop; FRANKEL independently
proposed a similar theory. Their appllcatlon of this theory did not explaln
the most strlklng feature of fission, namely, the asymmetry of the mass spllt
but it accounted satisfactorily for a number of features of the reaction. This
theory is briefly reviewed in the next section. Many theoretical developmenﬁs
since 1939 have been based in some way on the BOHR-WHEELER treatment. No
adequate_theory of fission has ever been developed; the great variety of obser-
vations on this highly‘Complex nuclear phenomenon which are detailed in the

remainder of this chapter present a very formidable task for the theoretician.

17. K. A. Petrzhak and G. N, Flerov, Compt. rend. Acad. Sci. USSR 25, 500 (19AO).
18. N. Bohr, Phys. Rev. 55, 418 (1939).

19. A. O. Nier et al., Phys. Rev. 57, 546, T8 (1940).

20. K. K. Kingdon et al., Phys. Rev. 57, 749 (19k0).

21. N. Bohr and J. Wheeler, Phys. Rev. 56, 426 (1939).

22. J. Frankel, Phys., Rev. 55, 987 (1939); J. Phys. USSR'1l, 125 (1939).
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A rather complete historical account of the first year of work on
uranlum flSSlon is given by TURNER. 23 This review is highly interesting read-
1ng and prov1des 1n51ght 1nto the development of physics:at~ “the t1me of a
fundamentally new dlscovery HAHN 2h has wrltten an 1nformat1ve popular account
‘of his early experiments in ‘the Book "New Atoms", _ S '

In the remainder of thls chapter, a brief rev1ew of fission theory is
followed by a detailed review of the phenomena accompanylng low energy fission.

The description of high energy fission is- deferred until the following chapter.

23. L..A. Turner, "Nuclear Fission", Rev. Mod. Phys. 12, 1-29 (1940). A
2k. O. Hahn, ?New Atoms, Progress and .Some Memories",,Elsevier Publishing

Co., New York (1950).
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11.2 FISSION THEORY

11.2.1 _Thé'liguid.drog model of fission.* If we had a cbmplete knowQ
ledge of nucleonsrahd of internucleonic forces we could write down.an exact

nuclear Hamiltonian for the energy of the nucleus in the following form

A
s v, . (11.1)
1 £ 3 .iJ v+ E.M.

where Pi is the momentum of the ith particle, V,. is the exact potential of

the interaction of the ith and jth particle, anciiJE.M° is a less important term
which allows for the existence of the electromagnetic field; this last term
can be relevant for fission if we consider gamma-induced fission.

A nuclear theory based on this exact Hamiltonian could in principle
provide us with a complete explanation of all nuclear phenomena including
fission, alpha emission, neutron and proton emission, gamma emiséion, ete.

We do not know the form of Vij in sufficient detailiand if we did we would
have very substantial difficulty in applying it in the case of a complex heavy
nucleus. Hence.it is hecessary to replace the exact Hamiltonian with a much
simpler one (that is to say we must construct a nuclear model) which we can
solve and whose solutions hopefully will tell us something about the behavior
of real nuclei. In the case of nuclear fission ﬁe consider an incompressible
uniformly-charged drop to be in,some imporﬁant respects analogous to an atomic
nucleus and substitute’the study of the fission of such a drop for the study
of the fission of a real nucleus. BOHR and KALCKAR25’26 were among the first

to propose the anélogy of a nucleus to a liquid drop. Soon after HAHN and

STRASSMANN'S proof of the presence of barium activities in neutron-irradiated

#The author wishes to express his great appreciation to Dr. W. J, Swiatecki
who by his published works, lectures and private conversations on the division
of an idealized charged liquid drop has influenced greatly the treatment of
the subject in this chapter. Limitations of space in this brief survey of the
present status of fission theory unfortunately do not permit us to treat

adequately the detailed contributions of Dr, Swiatecki and of other authors.
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vrapium, MEITNER and FRISCH27 suggested‘that medium-mass products might result
from the division or fission of the nucleus in a process analogous to the divi-
sion of a charged liquid drop. In 1939, BOHR and WHEELER21 gave an extensive
treatment of the thecry of such a fission process in a paper which remained
the cornerstone of fission theory for decades. FRANKEL28 published a descrip-
tion of a liquid drop model of fission at about the same time.

If we are interested in the emission of single pafticlee or in the
motion and energy states of singie particles within the nucleus, we use the

independent particle model whose Hemiltoniaﬁ is of the form

2 A

'P | .
Hshell 2=+ % N ) . (11.2)

where V is the interaction of the particle i with a central potential defined
by all the other nucleons. Or we canAcombine_the.shell model with the liquid
drop model to form the unified model which can tell us something about single
particle properties as weli as about fission, CG-emission and other eollective
properties. Because of ﬁhe approximationé in the liquid drop and shell models
the unified model alse is only'an approximation to the exact Hamiltonian of
Eq. (11.1) and the unified model is more difficult to work with than either
of the two other models.

=K . - . 11,
Hunified hLD * Hshell * Hinteraction ( 3)

The relationships of these various models is shown in Fig. 11.1.

These introductory remarks are meant ae g reminder that the liquid
drop model cannot be expected to provide us with anything like a complete
description of fission phenomena. We now turn to a brief outline of liquid
drop calculations.of the 1939 perlo& and recent developments dating largely

from the ldte nineteen fifties.

25, N. Bohr, Nature 137, 34k, 351 (1936).

26. N. Bohr and F. Kalckar, Dan. Mat. Fys. Medd, lh No. 10 (1937)°
27. L. Meitner and O. R. Frisch, Nature 143, 239 (1.939).

28. J. Frankel, Phys. Rev. 55, 987 (1939); J. Phys. USSR 1, 125 (1939
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Fig. 11.1. Schematic diagram, suggested by W. J. Swiatecki, showing
relationship of exact nuclear Hamiltonian to three commonly used
nuclear models. The initials E.M. in the Hamiltonian expressions
refer to an electromagnetic term.



L.

UCRL-9036 -Rev.

-13-

One common reason for the choice of a model to replace an exact
physical Hamlltonlan is- the relatlve ease w1th Wthh solutlons can be extracted
from a model However, we shall see. that the llqpld drop model is not an easy
one to follow through with any mathematlcal rigor. Hence the exploitation of
the model has often been,done by approximate treatments of selected nuclear
‘shapes and of motions believedvto be the pertinenﬁ'ones out.of all those
possible. ' B .
The rationale of the liquid drop model is somewhat as.follows. The
- forces operating between the neutrons and protons in the nucleus are the
vshort-range, chérgeeindependent, nucleon-nucleon forces and the .Coulomb
repulsive forces of the protons. The shape-assumed by the nucleus represents
a balance between the nuclear fonces, idealized as a surface tension, and the
Coulombic fepulsive forces. The strength of the surface tension can be '
estimated from the surface correction term in the empirical mass .equations
while the strength‘of the Couionb forces can be calculated from the proton
_charge “the proton number, the assumed uniform volume dlstrlbutlon of protons
within the nucleus and the dlmen51ons of the nucleus When excitation
energy is-added to the nucleus oscillations are set up within the drop. This
1ncreases the surface area of the drop and the resultant increase 1n surface
energy tends to return the drop to.its original shape. On the other hand the
electrostatic'forqes tend to increase the distortion. If the electrostatic
force becomes greater than the surface tension the deformation of the drop
will grow and eventually the drop may divide intc two or more fragments.

For most nuclei under moderate excitation the surface tension is far
stronger than the Conlombic force so, that any:modestwdeviation‘from the most
stable shape is soon overcome -and the excitation energy isvliberated by the
emission of gamma rays or of single nueleons. Only the Very heaviest elements
have such a large protonic charge that relatively slight deformations of the

nucleus can lead to fission.
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AN ELEMENTARY CALCULATION OF A SPONTANEOUS FISSION LIMIT
ON THE SYNTHESIS OF VERY HEAVY ELEMENTS

It is instructive in this connection to make an elementary calculation
for a spherical nucleus given a small symmetrical distortion of the P2 (cos 6)

type. The radius of the slightly distorted sphere is given by

| R(O) = RO'[l + a, P, (cos 6)] (11.4)

2

where P is a Legendre polynomial and a2;is a coefficient. It can be shown

2
that

surface energy = E_ = EZ (1 +2/5 a§u+ higher powers of ag) (11.5)
electrostatic enefgy =E, = Eg (1 -1/5 ag + higher powers of a2) (11.6)

where E and E refer to the undistorted sphere.

Hence the deformatlon energy, &N =V - ysphere _ (E - E:) + (EC - EZ), becomes

N = 1/5 ag (2E: - EZ) + higher powers of'ag. (11.7)

For small distortions we -can neglect the higher powers of‘Ct2 and simply write
N o= 1/5 a2 (QEZ - EZ). | (11.8)

We can state then that a spherical charged drop is stable toward small dlstor—
tions of the a2P2 (cos B8) type if 2E > E and unstable if 2E < E If we
consider a liquid drop on which the charge is gradually belng ralsed then at
a cértain eritical value of the charge corresponding to Ec = 2ES the drop will
become unstable and w1ll divide spontaneously.

For the case of an idealized nucleus we can express this differently in

. 21

terms of a fissionability parameter x introduced by BOHR and WHEELER =~ and

defined as follows: |
E° ,

< = c_ _ 1/2 electrostatic energy for charged sphere (11.9)
2Eo surface energy of sphere
° (ze)®
From electrostatics, E = 5/5 Ze) " From an analysis of nuclear data one
*
can set
' R = 1.216 Al/5, (11.10)

o

¥
Constants evaluated by A. E. S. Green, Phys. Rev. 95, 1006 (1954).
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so that

I .
From geometr% ES flarea of sphere X surface ten51on Q _

- - - F e

b RS Q R 7 (11.11a)

Substituting for R in Eg. (11.11a) and eﬁaluating Q from the semifempirical
¥ ! . - . :,.;
mass equation we get ' '
= 17.80 A 2/3 - (11.12)

Substituting these Veiuese§p§>E and, E back into Eg. (11.9) we find

_ 0.7103 2 2413 42/ (11.13)
2 x 17.80 A%/3  50.13

Thus the ratio EZ/ZES is proportional to the combination~ZZ/A°

(ZZ/A) = 50.13. (11.1k)

critical

A few~Z2/A and x values are given for representative nuclei in Table 11.1.
Equation_(ll.lh) suggests that all nuclei of Z > ~120 will be charae-

terized by the absence of a classical barrier toward spontaneous fission.

THE PRINCIPAI, PARTS OF A COMPLETE THEORY

These simple considerations on the stability of a spherical drop
against small distortions of the a (cos 9) type must be replaced by much
more complex calculations when larger distortions are con51dered partlcularly
when x is substantially less than 1.0.

The Hamiltonian of the liquid drop model takes the form

H = V(a) + T(&) (11.15)

where V(a) is the potential energy of the drop as a function of a set

*
constants evaluated by A. E. S. Green, Phys. Rev. 95, 1006 (195h).
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Teble 11.1

5

_2°/A

Nucleus Z2/A X = 50.13
51209 32.96 0.6575
%32 34,91 0.6969
v 36.02 0.7185
U238 35.56 0.7099
Fm25u 39.37 0.785k
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of deformation.variables a and T is the kinetic energy as a function
of the time derivatives & of the Qeformationvvariables.
To carry through any kind of a dynamical calculation of the motion of a
liquid drop with this basic Hamiltonian, it is necessary to develop an

adequate knowledge of the following matters. ‘ z
(l) Mapping of the potential energy. It is necessary,to prepare many-

dimensional maps of the potential energy considered as a function of the
deformation coordinates. These potential energy maps are quite strong functions
of the fissionability parameter x. Since such mapping is a tedious and
difficult undertaking, detailed calculations have been carried out chiefly for
what are considered to be the relevant regions of the deformation space.

(2) Mapping of the kinetic energy T(&). Similarly, it is necessary to

have an adequate knowledge of T as a function of the time derivatives a = g%
for types of motion likely to be of interest. This stage involves the calcula-
tion of inertia coefficients.

: '(3),Solution of the equations of motion. Once the potential and

kinetic energy variation is known over all that deformation space which plays

a significant part in the fission process, it is possible in principie to

carry out a complete dynamicsl calculation starting from a given set of initial
conditions. A collection of nuclei will, in general, exist in a wide variety
of initial conditions so that a complete dynamical descriptidn of fission will
involve the solution of a large number of equations of motion. These calcula-
tions must be properly quantized. \

(4) Statistical mechanics of fission. For a proper calculation of such

average quantities as fission rates, the kinetic energy and excitation energy
distribution of the fragments, etc. enormous numbers of nuclei are involved

and the powerful methods of statistical mechanics are reQuired. We shéll:refer
below to the application of the "transition state" method in its classical and
quantized version to the'estimation of the rate of fission. We shall also refer

to a statistical theory of FONG.



UCRL-9036-Ray.
-18-

We now take up each .of these topics and describe the state of our

present knowledge: of them.

- POTENTIAL ENERGY MAPPING

' We turn our attention first to a discussion of'the potential energy
mapping. For distbrtioné which are not too.different from a sphere or spheroid
it 1is céhvenignt to express thé,drop shape by the following radius equation.

| R B ‘ S
'3 (o) =:—%.; +2 oP (cos e); ‘ (11.16)
o AT . .
where RO is the radius of the undistorted spherical drop
.Pn is the Legendre Polynomial of order n, and
X is a scale factor required by the condition of N
' constant Volume.
An examination of the Legendre Polynomials shows that even values of n give
shapes which are axially symmetric and symmetric toward reflection through the
central plane perpendicular'to_the axis.. 0dd values of n give axisl symmetry
but do not give refiection symmetry. through a plane perpendiculay to the main avis.
The. task then is to map V (@) or AV in the many-dimensional space of .
the an. In the consideration of various features of this mapping, it is con-
venient to consider schematic topographic maps in two dimensions of the 05.

For example V or AV. may be shown as contour lines on an Q_ versus ah plot.

For small or moderate distortions of the symmetric type, Ehe az'ak mapping 1is
the most important, although mapping covering a6 and a8_coordinates may contri-
bute significantly. For a complete description we need a series of maps
covering all the o dimensiong including those of odd order. At the least,

we need.to apply some tests to satisfy ourselves that neglected degrees of
freedom are. unimportant.

Let us consider first some very general features of this mapping as
given in Fig. 11.2 which is meant to represent roughly the potential energy
mapping for a nucleus of rather high fissionability parameter x. The curved
lines are contour lines giving the potential energy assbciated with various

deformations specified by the &, and oz)1L coefficients. These coefficients

2
relate to the P, (cos ©) and P, (cos ©) terms of Eq. (11.16). Division into
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MU-15147

Fig. 1l1.2. A schematic map of several potential-energy valleys
separated from one another and from the hollow around the
spherical configuration by saddle points A,B,C. The reason
for the name, "saddle point", is that the potential energy
surface has the appearance of a saddle or a mountain pass.
The map corresponds to the case when the energies of the
saddle points are in the order E(A) < E(B) < E(C). The
dashed line represents the locus of spheroidal distortions.
One or two-waisted figures (presumably associated with 2 or

3 fragment valleys) can be represented qualitatively in the

Oy O plane but a three-waisted figure (associated with the
h-fragment valley) needs at least an Qg coordinate in addi-
tion to describe it. The radius vector for the nucleus is
given at any point in the dlavram by

R R/x 1+ Zay By (cos 6)]

where A 1s a normalizing constant.
Drawing prepared by Swiatecki.
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4 fragments cannot be properly represented solely with az'and ah contributions
50 an a6vcoordinate is also suggested. The normal spherical nucleus sits in a
potential energy hollow at the origin. The spherical drop is stable toward
small distortions for x values < 1.0. Valleys 2, 3 and L4 are deep hollows
representing the potential energy of the system when the nucleus has divided
into 2, 3, or L fragments. Point A shows the location of the saddle point.
This is the low point or pass in the potential energy ridge which separates
the spherical drop froﬁ the two-fragmeﬁt valley. The potential energy of point
A is the minimum amount of energy or threshold energy required to cause a
charged drop tQ divide. Point B is another pass or saddle point showing the
least energy feqpired to cause division into 3 fragments. Since B is shown
higher than A,division into two fragments is much more likely than division
into three fragments even though the latter may cause a greater overall release
of energy.

Figure 11.3 is a scale drawing of cfoss sections of the drop shapes
corresponding to various amounts of a2P2 (cos ©) and o Py (cos ©) in the
radius Eq. (11.16). This drawing is meant to serve as a gulde to the shapes at

the various points in subsequent figures which show potential energy contours

on an a2~au coordinate system.

In Fig. 11l.2 saddle,point A is drawn at a lower elevation than saddle
point B but other relationships can be imagined as shown in Fig. 11.4 where the
three possibilities of A = B, A > B and A < B are sketched.

From the experimental fact that nuclear fission is almost exclusively
binary in character it seems likely that the saddle point leading to 2-fragments
lies lowest but this is a point which must be verified by quantitative calcula-
tions.

For purposes of orientation it also is important to know the total

energy release for division in various possible ways. It 1s a simple matter

to calculate the energy release for division of an idealiz ed charged drop into
9

2
2, 3, 4 or more equal and completely-separated fragments. SWIATECKI gives

the following expression for division into n equal fragments.

29. W. J. Swiatecki, "Deformation Energy of a Charged Drop", Paper P/651 in

Vol. 15, Proceedings of the Second U. N. Conference on the Peaceful Uses

of Atomic Energy, Geneva, 1958.
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Fig. 11.3. Cross sections of drop shapes corresponding to
various locations on an O2-0) map. Each shape should be
visualized as a solid generated by revolving the two-
dimensional figure around the horizontal axis. The
radius for each shape is given by the expression

R O -
R = ?g [1 + a,P, (cos 6) + ayP) (cos 6)]

where N is a factor which normalizes the volume to a
constant value.

Mrs. Rosemary Barrett carried out the necessary
calculations and prepared this figure.
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Fig. 11.4. Three maps showing schematically the relations
between the two- and three- fragment valleys for
different values of X. 1In (a) the threshold B is
higher than A, E(B) > E(A) and low-energy fission
must proceed by way of the two-fragment valley. In
(b) E(B) = E(A) and in (c) E(B) < E(A), and a com-
petition between the two valleys would be involved.
The true mapping for x values above a certain critical
value of x may have considerably more structure in it
between the saddle point A and the fragment valleys
than is indicated here. See discussion of Fig. 11.9
below. - This figure was prepared by W. Swiatecki.
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N E: {(ﬁl/3-1) + 2x ( ;27%— - 1)} ' (11.17)
where Ez.is,,as above, the surface energy of thé original -drop, |
Aanis the total energy release, and '
.‘xjis-the'fiésiénabiliﬁy paraméter of Eq. (11.9).
Some calculations based on this equation are shown in Fig. 11.5 There are a
number of interesting things ﬁé'note about this figure. At x-values in the
range 0.65 to 0.80 — which includes all the heavy nuclei,from bismuth to
fermium — there is no reason to limit cénsidefaﬁion'ﬁo division into two frag-
ments since more-energy.is released in the‘formation of three, four and possibly
five fragments. There is even less Jjustification for this'limitation in the
study of heavier nuclei which may,bé’made by reactions of artificial transmuta-
tion and whose x-values are closer to 1.0. At x = 1.0 division into as many as
eight fragments releaéés-more-energy,than a -division into pﬁo. For such nuclei
a division into four fragments is the mbst favored energetically. For this
reason also, it may be incorrect to extrapolate trends in fission characteristics
derived from an examination of eXperimental data in one region of x into a
higher range of x-values. Vice'versa it may bé incorrect to use ﬁheoretical
calculétions based on.the,limit'x — 1 to interpret phenomena observed at
x = 0.7-0.8. Thérefbre-any adequate mapping of the potential and kinetic
energy should give enough information about division in many possible ways to
permit a proper judgment of the relative importance of the alternate modes of
fission. It is also worth noting that while the shapé 5f the nucleus at the
traditional Bohr-Wheeler saddle point may be highly distorted from a spherical
shape in the range of x-values corresponding to fissionable nuclei, nonetheless
the nucleus does not appear to be "committed" to a division into a definite
number of fragments at the moment it passes over the_Bohr-Wheeler saddle in
the potential energy surface. ©See Fig. 11.7 which shows that the nucleus at
the saddle point is not. necked down for x-values above 0.7.
Let us now list the chief mathematical techniques which have been used

for quantitative calculationsrof the potential energy as a function of the
deformation -coerdinates. - e 5

(1) Expansion sbout a sphere. A natural choice of parameters for

expressing the shape of a drop slightly distorted from a sphere is a set of

Legendre polynomials. The change in the surface and Coulombic energy terms
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11.5. The energy released in the division of an
idealized charged liguid drop into n equal parts as
a function of the fissionability parameter X.

SWIATECKI, reference 29.

From
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upon dlstortlon of the sphere to a new shape can be computed as a power series

in the coeff1c1ents, n; of the Legendre Polynomlals .This method was used by

BOHR and WHEELERZl in 1939 with the-lrmltatlon that for computational simplicity

the deformation coordinates were restricted to the P, and Pu types and co-

efficients were eyaiuated only to.the fourth order ii az and the second order

in ah' Apfurther restriction was that the fissionability parameter was limited
to values not far below 1.0. PRESENT and KNIPP3 extended this treatment
somewhat and added.a3P3 and a5P5 odd terms. PRESENT, REINES and KNIPP31
extended the calculations sufficiently to cover saddle point shapes for 1.0 2

x > 0.8. SWIATECKI'S Geneva paper29 shonld be consulted for a complete develop-
ment and tabulation of coefficients with snfficient eempleteness to’giVe-the |
conventional threshold energy to sixth order in the quantity (l—X).

(2) Machine calculations. Modern high speed computers- make possible

-4 great extens1on of these -calculations but only limited calculatlons have been
published. FRANKEL and METROPOLIS3 introduced this method in the year 1947

in some publlshed calculations whlch_used'tne_method of expansion about the
spherical shape. A poWer series in Legendre Polynomials including terms as -
high as PlO was used over a range of X values of 1> x> 0.65. In principle~

the computor method 1s not- restrlcted to Legendre expansions and. more appropriate
coordinate sets could be used particularly for. nuclear shapes which differ -

greatly from & sphere or spher01d

(3) Expan51on around a8 spheroidal shape Method 1 becomes. less and -

less accurate as the drop shape departs more and more from that of a sphere.

If the shape does not differ too much from that of a spheroid, it is possible.

to express the deviation in surface energy or coulombic energy of a deformed

«+ drop as a power-Seriés in_the deviations from the spheroidal shape.. This is a
sensible appreach to use_becanse it is.not difficult to make exact. calculations
of electrostatic and surface-energy forjspheroidal‘shapes. A spheroid can be

represented by a series

30. R. D. Present and ) K, Knlpp, Phys Rev. 51, 151, 1188 (19%0).
3L. R. D Present E. Relnes and J. K. Knlpp, Phys Rev. 70, 557 (l9ﬁ6).
32.. S. Frankel and N. Metropolls, Phys. Rev. I_, 91k (1947)
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R w |
R (6) = [l +ZaP J (11.18)
! > %'

where the n values are restricted to even values. R (9) is the radius vector
from the origin to any point on the surface as a function of the angle between
the radius vector and the main axis of the spheroid. A\ is a constant which
maintains'constancy of volume. The'valueé~of the coefficlents will vary with
the eccentricity. Some values of the”aﬁ for definite choices of major and

minor axes are the following:

c/a = 1.43 1+0.2318 P, + 0.0418 P, + 0.0072 Pp ot oo
c/a = 1.81 1+0.3749 P, + 0.1104 P, + 0.0378 Pot ... (11.19)
c/a = 2.40 1+0.5315 P, + 0.2233 P + 0.0925 P, + ‘
Here c and a are the lengths of the major and minor axes. If-we ignore the
smaller contributions of the P6 and higher terms and plotvthe.az.and OtLL co-

efficients on an a2 au chart we can»determine a line of spheroids. (See Fig.
11.6) '

We now want to consider some deformed shape which is nearly but not
quite a spherbid. On an az ah map such a deformed shape wouldifall in the
shaded area of Fig. 11.6. It.is for such a drop shape that it is appropriate
to express the deviation in surface and Coulombic energy as a power series in
the deviation from a spheroidal-shape. The appropriate coordinate system for
these expansions:will be a spheroidal coordinate system. Formulas have been
developed for such expansions among others by NOSSOFF,33,by:BUSINARO and
GALLONE,3” and'by'SWIATECKI;29 these references should be consulted for details.
The expressions for the case of expansion about a spheroid must reduce to those

for expansion about a sphere when the eccentricity is reduced to zero.

(4) Calculation of shapes far removed from a spheroid. The calculation

of surface and coulombic energy terms for highly deformed shapes.-may be tedious

33. V. G. Nossoff, report P/653 in Vol. 2, p. 205, Proceedings of the 1955 U.N.
International Conference on the Peaceful Uses of Atomic Energy, 1956.

34. U. L. Businaro and S. Gallone, Nuovo Cimento 1, 629, 1277 (1955).
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' Fig. 11.6. Schematic diagrem in ao deformation space showing
the location of the "line-of-spheroids".
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and approximate when performed by the methods listed above. For certain types
of axially symmetric shapes, the Legendre Polynomial expansion may be inappli-
cable. This is trué, for example, for any shape in which some radius vectors
cut the surface more than once. For highly regular shapes the choice of a
suitable coordinate system may result in an easy analytical solution. For
other shapes it may prove useful to obtain rough answers by approximating the
shape with a combina£ion of simple geometrical shapes for which the surface
and Coulombic repulsion energies can be quickly computed. 'Examples of this

approach are given by SWIATECKI.Z%35

1Let us now consider some of the results obtained from these four
computational methods. In the range of x values from 0.8 to 1.0 thé potential
energy is known quite well in the O ah deformation coordinates out to the
point of unstable equilibrium known as the saddle point. We shall refer to
this saddle point as the "BOHR-WHEELER saddle point" or as the "conventional
saddle point". Formulae have been developed for the energy and shape of the

saddle point configuration as a function of x. The saddle point energy is

given by the following sixth-crder expression.29
Lg[ = o.7259(1-x)3-o.3302(1-x)LL + 1.9208(1-x)5-o.2125(1-x)6+ ..., (11.20)
EC T
\ s/S.P. original Bohr-Wheeler additional terms

expression

32

This equation agreeé with the FRANKEL and METROPOLIS calculations and with

29,33,34

the calculations based on a spheroid

above O.Th.

to within one percent for x-values

The saddle point energy is often considered to be the threshold energy
for fission and by substituting into Egq. (11.20) x-values and surface tension
values evaluated for real nuclei several authors have calculated fission thresh-

0ld energies for comparison with experimental data. The agreement is poor. An

35. W. J. Swiatecki, unpublished results, 1959; S. Cohen and W. J. Swiatecki,
Deformation Energy of Charge Drop, IV. "Evidence for a Discontinuity in
the Conventional Family of Saddle Point Shapes'" Aarhus Univ. Report,
Aarhus, Denmark, January 1961, to be published in Annals of Physics, 1962,
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idea of the extent of the disagreement can be obtained from Table 1l.2 from
which it is apparent that the observed thresholds of real nuclei are lower and
have a much weaker variation with ¥ than do the calculated values. It is true
that the calculated values are classical thresholds and hqugﬁsubject to some
correction for quantumemechanical barrier-penetration, but this correction can-
not be enough to affect the results substantially,

The r‘onf;guratlon of the conventlonal saddle point is given quite well

down o x = 0.74 by the expre831on

L+a, P, +0 P+ a6 6 a (11.21)
vhere a, = 2. 3333 (1—x) - 1.2262 (1- / ¢ O. 5oo (1_x)3'— 8.0509 (l-X)LL @ .0
a = 1. 9765 (1- x) - 1.6950 (1- x)3 + 17.7419 (1- x) 4 o.0
Qg = -0.9500 (1 -x)3 ¥ ...

Table 11.3 lists some explicit values for the o coefficients for high X values.
These coordinates .correspond to cylinder-like shapes as can bé seen in Fig. 11.7.

_ At the opposite extreme of x = O (i.e. of an uncharged drop) the saddle
poiht configuration consists of 2 equal spherical fragments in contact. Or, to
be more general, as x —0 fhereAare several diécréte families of equilibrium
configuration correspéhding to strings of 2, 3, 4 .... n equal spherical v
fragments'in contact. | i ' _

The fate of the Bohr-Wheeler family of»cylinder-liké shapes has never
been traced down to small values of X, but it has usually been assumed that
below X = 0,75 the cylinder with rounded ends'develops'an equatorial waist, and
gradﬁally goes over into the n2 family.i.e. into the configuration of 2 spheri-
cal fragments connected by a neck.

| This smooth transition can be represénted-by the diagrams of Fig. 11.8
vwhich show gqualitatively how the potential enefgy of the conventional Bohr-
Wheeier family was expected to join with.thevpotential energy of the family of
2 spherical fragments joined by'a small neck., Also shown is the supposed tran-
sition in the shape of the saddle point; the magnitude of the major axis of the
séddle point shape is used as a measure of its deformation.

In 1959, W. J. SWIATECKI35

examined all prev1ous qpantltatlve calculaﬁioné in an atfempt to trace the

performed some new calculations and re-

behavior of the conventional saddle point, its shape and its energy, as a
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MU-27325

Fig. 11.7. Saddle point shapes computed by Cohen and Swiatecki. (upper)
x-values from O.7 to 1.0 (lower) x-values below 0.7.
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Fig. 11.8. Conventional view of the smooth transition of saddle
point energy and shape from the Bohr-Wheeler family at values
of the fissionability parameter, x, close to one to the two-
fragment family approaching tangent spheres as x —=0. x is
defined as Z2/A + (ZZ/A)critical' In part A the magnitude of
the major axis is taken as a measure of the saddle point shape.
The dotted portion of parts (A) and (C) is an interpolation.
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| Table 11.2

Gomparison of Observed Thresholds with Liquid Drop Calculations
Neclide 28/ X T§2§§s° ?ﬁ:i)
232 34.91k 0.6969 15.08 5.95

Th233 34,76k 0.6939 15.58 6.4k

paZ3Z 35.604 0.7125 12.68 6.18

y?33 36.3?6 0.7251 10.96 5049

y?32 36,017 0.7189 11.79 5.75

ue3T 35.713 0.7129 12,63 6.40

y?38 35.563 10.7099 13.06 5,80

U239 35.41L% 0. 7069 13.51 6.15

w37 36,49k 0.7285 10.53 5.49

Np238 '%6.340 0.7254 10.92 6.0k

pu°3? 36.971 0.7380 9.39 5.18

N .
‘These data are taken from excitation functions for photofission

and neutron induced fission with the threshold estimated (rather

subjectively) as the energy at which barrier penetration fission

gives way to over-the-barrier fission.
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Potential energy.of

traditional Bohr-

" Wheeler saddle point

Shape parameters of Bohr-

L o AV Wheeler saddle point '
e %) ¥ a4 %
1.0 0 0 0 0
- 0.95 0.00008927 0.1147k 0.0048403 -0.0001188
.0.90 0.0007119 0.22976 0.01984k4 =0.0009500
0.85 0.002426 0.35039 0.047732 " + -0.003206
0.80 0.005880 0.48073  0.093887 -0.007600
,'0.75, | 0.01188, 0.62368 0.16635 . -0,01484

‘Calculated from Egs. (11.20) and (11.21).
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function of the relative charge on the drop between the two limits x — 0 and

x —1 of thevfissionability parameter Xx. These studies suggested that the con-
ventional family of saddle point shapes did not behave in the accepted way.
SWIATECKI35 found evidence to support the hypothesis that, when the charge on
the drop exceeds a certain critical values, the disintegration of a liquid drop

may become a two-stage process which may be written as

saddle saddle
sphere ————> intermediate ——— = two fragments
stage with
cylinder-1like
drop shape

This situation is to be contrasted with the older view that fission is a one-
stage process for all values of X.

This hypothesis and the conclueions which followed from it were quite
different from the conventional view so it was important to establish with
certainty whether the 2-saddle view was correct. In 1961-2 SWIATECKI and

.COHEN made an exact recalculation with the aid of a high speed electronic computer
of the potential energy of shapes represented by equation 11.16 with inclusion of
Legendre Polynomial terms up to Pl8(cos 8). These qualitative results made it
.necessary for them to modify their tentative conclusion of 1959 (reference 35).
The hypothesis of the existence of 2 saddle points was not substantiated. None-
theless the later recalculation did firmly establish the existence of important
changes in the characteristics of the saddle point and of the saddle point region
of the potential energy contour maps as a function of x. These changes have im-
portant implications concerning fission characteristics.

We can explain these new findings most easily with the aid of a series
of drawings. We consider first figure 11.9 which is a crude schematic diagram
of the potential energy maps for nuclei with different fissionability parameters.
Only the az and ah Legendre coefficients are ehown, but for the purposes of our

discussion this is all right since these are the dominant terms in the specifica-
tion of saddle point shapes.  In all these diagrams the origin, which corresponds
to a spherical drop, is a local minimum indicating that the sphere is stable
toward small deformations (for any value of x < 1.0).

Part A of figure 11.9 represents the situation for a charged drop with
a low value of x. The saddle point, which lies at a great distance from the

origin, has a long and deeply-wasted form. (See part B of figure 11.7). The

35a. S. Cohen and W. J. Swiatecki, "The Deformation Energy of & Charged Drop V
Results of Electronic ComputerStudies" in preparation 1962.
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terrain leading up to the saddle point is qulte steep both from the fragment
valley and from the p051tlon of the spherlcal 1n1t1al shape - located at the origin.
Parts B and C represent £wo ¢charged drops whose x- values lie on opposite edges of
a critical range~ef Valﬁesvof-the fissionability perameter. On the lower edge of
the critical range of‘x; represented by part B, thehsaddle point is located quite
far from the origin but the tepography-;s rather different from Part A. As in
Part A there is a steep dropfoff:into the z-fragment valley but there is a long
level plateau leading back ﬁo the vicinity of theforigih. In Part C the position
of the saddle point has shifted a great distance inhthe azah space to a point

not far from the Qrigihniue, it has a epheroidal shape not too different from
 that of a sphere. There still.remainS'however’avnearly,level region extending
out to the'neighborheod of the saddle point of-Paft B before there.is a sharp
drop off of potential energy leading into the fregment valley.

Part D represents a.charged drop with anhx'value well above the critical
range. The saddlewpoint lies close tq'the origin. . Beyond the saddle point -
there is no plateeu but a steep drop off into the fragment valley.

Now let us cons1der the potentlal energy changes as we deform the drop
along that path (shown by a dotted line in each part of figure ll 9) which takes
the drop up and over the saddle point with the least expenditure of energy. This
potential energy as a function of deformation along this minimum energy path is
shown in figure li.lO; - The 4 curves in the figure correspond to the 4 cases of
the previous figure.. In curve A the fission.barrier is high and narrow. In
curve B we note that a slight distortion from the epherical shape is costly
in energy but at a certain point the slope of the”potential energy curve drops
substantially and it then costs very little more to stretch the nucleus to the
necked-in shape corresponding to the saddle point. Deformation past the saddle
point results in a rapid release of potentiel energy. In curve C the first
part of the distortion is costly in energy and the top of the barrier is
reached'eftef a much smaller distortion.than in case B. .As‘the charged drop
deforms ‘further there is not a'lerge release of potential energy until
a distortion close to the saddle point of case B is reached. Beyend this point
there is a rapid release of potentiai energy with further distortion (leading
to the formation of 2 fragments), Curves B and C have the general appearance
of a thick barrier with a rather flat top. Case D indicates that the top of
the barrler is reached after only a slight distortion from the sphere, that

only a small expendlture of energy is required to reach thls barrier, and that
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11.9. Schematic views of the potential energy contour map in the aL),
deformation plane representing roughly the results of the quantitative
calculations of Cohen and Swiatecki. Qo) refer to the coefficient of

Legendre Polynomials in the radius expression, R = Ro/7\[l%12 Pg(cos 6)
+Qy By (cos 6)]. The cases A through D correspond to different values
of the fissionability parameter x = ZZ/A;(ZZA)critical. ‘Case A is for
a low value of x, as for example 0.5. Cases B and C refer to the two
edges of a critical range of x centered at x = 0.69 wherein the saddle
point makes a sudden shift toward the origin. Case D corresponds to a
high value of x, as for example 0.8. The shaded portions represent

regions of high potential energy. There is a potential energy hollow at
the origin in each case.
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Flg 11.10. Potential energy of a charged drop ds a function of deformation
. . measured along the dotted paths in parts A.--D of. figure 11.9.- The top
- of the potential energy barrier is indicated by the initials SP (for
saddle point). Curves B and C correspond to the 2 edges of a critical”
range.of x. These curves show a wide barrier with an almost flat top.
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there is a rapid release of energy for any distcrtion past the‘E?rrier.
According to these calculations of SWIATECKI and COHEN the  diagrams
in figure 11.8 which summarize the older conventional view of the smooth
transition in saddle point shapes across the 0-1 range of vaalues,must be
replaced by the more correct set of diagrams given in figuré 11.11. In the
upper part of this  figure the ratio Rmax/Ro serves as a measure of elongation
of the saddle point shape. The impprtant new feature in the diagram is the
rapid change .in the elongation of the equilibrium shapes which occurs in

the .+ vicinity of a critical value of x.

. This critical value of X is naturally of great interest.

The quantitative calculations show thdt Xcrit for the ideal liquid drop falls
in the region of 0.67. Since X = 0.67 falls in the range of X-values of
real nuclei- (see table 11.1) the possibility exists that significant changes
in the character of fission may occur for real nuclei with different X-values.

As a single example of such a change let us consider the saddle shapes
shown in figure 11.7 for .X*values of 0.6 and 0.8. In the former case the
saddle shaperis severely necked down so that one might reasonably expect a
symmetric mass division. as. the nucleus proceeds past the saddle deformation
on to the scission point. In the case ofkavalues above 0.7 the saddle point
shape does not at all suggest two separating fragments; hence one cannot
predict, without'a calculation of dynamic effects, what might happen between
the saddle and scission points.

Up to this point we have said nothing about-possible instabilities
| toward deformation describable by Legendre Polynomials of odd type. Prelimi-
nary calculations had shown already many years ago that near-spherical shapes
are stable toward any distortions of the odd type, but it remained an open
question until recent years whether the rather elongated saddle shapes for

x~values below 0.8 were stable toward asymmetric distortioms. .

When the x-value is quite low .simple semi-quantitative estimates
showed that such instability must occur. A shape consisting of 2 equal drops
in contact is unstable toward a movement of fluid from one drop to the othér
until one drop had cqmpletely sucked up the other. In such a case fission

into 2’equal parts will be less favored than fission into unequal parts and
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Fig. 11.11. Changes in shape and potential energy of equilibrium shapes
of a charged liquid drop as a function of the x-parameter. The dotted
curve in part A is identical with the curve shown in part A of figure
11.8 and corresponds to the conventional interpolation between the
Bohr-Wheeler saddle shapes at x —1 and the 2-fragment family at x —O.
The solid curve is drawn according to the calculations of Swiatecki and
Cohen. A critical range of x is indicated over which the saddle shape
undergoes a rapid change in elongation. In the bottom half of the figure
the potential energy of the equilibrium shapes is traced.
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in any process which seeks. out the most economical way to distort the nucleus
fission in the ordinary sense will not occur. | '

SWIATECKI and COHEﬁfﬁhcluded odd. Legendre termé up to P (cos 6)in

17

their calculations and thus supplied quantitative information on instability
of the odd type. Their results confirm that at low X-values there exists
an instability toward the sucking up of one fragment by the other. At
high values of X the-élongated-saddle point shapes are quite stable toward
deformation into a pear shape or other asymmetric shapes or surface ripplings.
This stability gradually decreases as the X-value decreases until at a critical

value of X equal to 0.395 the saddle shape becomes unstable.
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shapes may set in beyond. the Bohr-Wheeler saddle point for x values of interest
in the heavy element region. HILL and WHZE}ELER:&‘6

considerations that asymmetrical components of nuclear motion might become

_indicate that a strong instability toward asymmetric
have suggested on dynamical

amplified when the inversion point is passed and this might be crucial for the
ultimate production of asymmetric division of mass.

SWIATECKI,29 has pointed out that an unequal diviéion of mass could also
come about in the case of a symmetric saddle point shape with instabllity to-
ward division into three equal fragments. If, in the course of descent into ‘
some 3-fragment valley, one end of the elongated drop necked down in advance of
the other, it might happen that one third of the drop would be severed, leaving
the remainder of the drop as a system with a smaller ratio of electrostatic to
surface energy which might fail to complete division, thus remaining as a
single relatively large fragment. ' v

It must be stated that there is no clear indication from the shapes and
energies of saddle point cbnfigurations or from the topography of the potential
energy maps of any fundamental explanation of the uneven massvsplit in nuclear
fission. It is not correct, however, to state that the liquid drop model

predicts symmetric fission.

KINETIC ENERGY MAPPING AND SOLUTION OF THE EQUATIONS OF MOTION

We turn now to a brief discussion of the kinetic energy of the motions
of a liquid drop as a function of the shape of thé drop. We shall find that
our knowledge of the kinetic energy map is considerably less than that of the
potential energy. |

If we restrict ourselves first to the case of small vibrations about a
spherical shape, we can develop satisfactory expressions for the kinetic energy.
As before, we consider an arbitrary shape (except for a restriction to axial

symmetry) which is changing with time according to the expression,

R -
R = —% 14 2a (t)P (cos o) (11.22)
2 n n

r/ i

36. D. L, Hill and J. A. Wheeler, Phys. Rev., 89, 1102 (1953).

-
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The instantaneous rates of change of the o are given by T - ah' The

deformation of the surface pushes around the fluid of which the drop is com-

posed and this motion gives rise to a kinetic energy. For small values of the
a this kinetic energy is given by
12 2 ’
T(&) = I 3B () B _ (11.23)
5 B n :
. where B ={M g5, 1 2 (11.24)
‘ : n 5 o) n 2n+1 ' ’
p = mass density
or, equivalently where
‘ : 2 : . , -
By = 5y 2ol AM R : | . (11.25)

A = mass number
M = nucleon mass and
' Ro = nuclear radius of *the sphericsl nucleus.
. In the same dsformatign,region, restricted to small distortions from a.

spherical shape, the potential energy can be approximated by the expression

- (7]
& (a) =V (a) -V {sprere)== T C_ o 0 (31.28)
k) P i s
D=z
where
r o / )E I
3 2 i 2 {Ze Nz { g
= ik = (n-1)(n¥2) - =254 Lo 0 Z=_ 2o (11.27
c,- L&ﬁ RS - (n-1)(n+2) < fr;—— 2 - o= { e (1 7)
el

We can_proceed directly to a solution of the eguations of motion for
this special case which is simply a small general vibration of the drop about
the spherical shape. ‘

The Hamiltonian (total energy) is

Q

‘00 o]
Harxx a2+ziB (éz)2 ' : (11.28)
2 gt | -
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This represents the superposition of independent oscillators each with

a stiffness C_ and an inertia Bn' These oscillators may be treated separately

leading to harmonic oscillator amplitude expressions for each mode of motion
= - 11.2
an(t) (Gonstant)n cos (aht - Bn) S/, 9)

Where Bn is a phase factor and w5, the angular frequency, is.given by the

.
stiffness n._
@y v-\{ “Inertia "\/EI': o (11.30)

Figure 11.12 shows the calculated excitation enérgy for the first three modes

well-known formuls

of vibration as a function of mass number.

A consideration of these vibrational OSCillaﬁions does not tell us
directly anything about the division of a cha?gededrop, but does help to
evaluate the appropriateness of the liquid drop model. For example, one can
calculate the period of oscillation and compare it to a typical period_for
single particle motion. In the liquid-drop model £he motions of the individual
particles are disregarded but'in a feal pucleuslhhis comparison is of funda-
mental importance when the intergal-dégrees Qf/fréedom are_included. A rough
calculation shows that the aa,?ibrationvin‘u238 might be expected to have a
period of 32 x 10_22 seconds'whereas a representative nucleon might take
~5 X 10722 secands to cross the nucleus and return. |

In our survey of the kinetic energy mapping, let us now go over to the
opposite extreme and write down a kinetic energy expression for the separating

fragments. For two fragments this is simply
L., 2 1. 2 ' Y -
K.E. = E-Mlvl + 3 M2V2 + correction. : (11.31)

The first two terms give simﬁly the kinetic energy of the center-of-mass
motion of the fragments. The correction term refers to any vibrational
excitation which?the fragmehts may have. ‘If'éhisjis éméll,'we.daﬁ.égain use
the formula | "

T (d)'é“%f 'Bﬁ'(aﬁjz" T (11.32)

wMg

but with the Bn'sﬂappropriate £0 thevfragments'insfééd of the original drop.
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Fig. 11.12. The quantum energies hdy for the nuclear shape oscillations
of multipole orders n = 2, 3, and 4 as a function of mass number A.
The nucleus is approximated by a charged incompressible drop with a
surface tension evaluated from empirical mass curves. Oscillation
energies of real nuclei are expected to depend also on nucleonic
assignments but the effects of individual particle orbitals are
disregarded in the above calculation. Figure reproduced from A. Bohr
and B. R. Mottelson, Dan. Mat. Fys. Medd. 27, No. 16, 1953.
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The kinetic energy map for deformations in the saddle point region and
in the regions connecting the saddle point region with the spherical nucleus on
the one hand and with the separating fragments on the other is simpiy not knowl.
And without this kinetic energy mapping it is hqt possible to solve the equations
of motion and carry through a complete dynamical calculation of a}dividing drop.

Some dynamical calculations have been carried through in a few special
cases by D. L. HILL and his ass0c1ates37 at Los Alamos One interesting calcu
y235

lation reported by HILL was the complete case history of a nucleus

(idealized as a liquid drop) caused to fission by giving the initial spherical
nucleus a "blow" of 50 Mev copcentrated in th.e‘P2 mode of motion. This initial
condition set the original values for the shape and velocity of the surface.

The motion ﬁas then followed'step by step on an electronic computqr; Twenty
"pictures" were taken of the nucleus in the course of the divieion. The results
are displayed in Fig., 11.13. - ’ '

This figure is not to be construed as a picture of a real nucleus under-
going fission since the initial excitation is artificidlly restricted to the P2
mode and asymmetric modes.of oscillation are not'included in the calculation.

STATISTICAL ;'NL_ECHANICS. OF FISSION

We have seeﬁ that the equatidns of motion have been fellowed through a
complete fission event in only one or two special cases- where rather arbitrary
limiting assumptions had to be made to reduce the calculation to tractability
Since an ensemble of fissionable nuclei will naturally exist in a great variety
of initial conditions we know that a comprehensive calculation of the dynamics
of such an ensemble would be a formidable task. We can, however, appeal to
statistical mechaniee to provide some notion about the average results of a
large number of divisions. If we make a number of reasonable assumptions we

can calculate a rate of fission for a collection of nuclei, , In payment for this

simplicity we will forego any chance to know the details of the sequence of
events leading to ‘the. ssaddle point and ‘beyond. "_ ‘

First, let us discuss a classical statistical mechanism of fission and
then consider the modifications which qpantization 1ntroduces ‘The statistical

mechanical analysis of fission‘'is.: closely analogous to the statistical mechanical
37. D. L. Hill,."The Dynamics of Nuclear FiSSion, Paper P/66O in Vol 15,
Proceedings of the Second Geneva Conference on the Peaceful Uses of
Atomic Energy, Geneva, 1958; and unpublished results.
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11.13. Successive forms taken by the surface of a heavy
nucleus idealized as a spherical liquid drop for motion
initiated with a purely symmetric velocity distribution.
Twenty stages of time integration were used to pass .
between each of the successive shapes shown in the com-
posite figure. For clarity representative shapes from
this composite figure have also been shown separately.
From D. L. Hill, reference 37.
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analysis of the division of a molecule. In particular many of the idkas

38

applied in the "transition state" analysis of the chemical reaction system

H + H2 —9H2 + H
plus (11.33)

H -+ H2 -»H+ H+ H

can be taken over directly to the fission case.

In our fission example we imagine that the potential energy surface in

a - ah coordinate system has the appearance of Fig. 11.1kh. (We could show

addltlonal coordinates but it would:not change the follow1ng descriptive
remarks). We assume that there is a single saddle point (or at any rate one
saddle point whioh dominates the fission process). We 1mag1ne a very laxge

number of particles all initiaily in the hollow surrOundlng_a2 = O’-ah S O and

ask what the average lifetime of this sytem, or, equivalently, what is the

average rate of diffusion- of representatlve p01nts out of the hollow and over
the, saddle point.  First we glve the system a certain total amount of energy E
and assume thermodynamlc eqplllbrium between all the p0351ble degrees of

freedom which we designate by N.

The equation % = XT defines a temperature which does not refer to
thermal motion of the nucleons but to motions of the surface.
From the Boltzmann distribution law we know that the probability of

fiﬁdihg the system in a state in which a certain degree of freedom has a value

€ goes down exponentially according to - €
probability density = Constant - e kT
_ Pot.En. _ Kin.En.
= Constant e kT e kT (ll.34)

From this express1on we learn that most of the representatn@ p01nts are concen-
trated near the bottom of the hollow Where the potential energy is lowest and
that thls -density thlns out exponentially toward the hlgher energy regions of
the saddle point. The fall-off in density is rapld if the- "temperature is

small, and low if the "temperature" is high. We also learn that the kinetic

38@ Glasstone, Laidler and Eyring, "The Theory of Rate Processes",
" McGraw-Hill Book Co., Inc., New York, 19hl.
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Fig. 11.14. Potentialienergy map in 5,0y space for a charged
2 © dincompressible liquid drop. The map is assumed to be known
in neighborhood of @, = Q) = O and in the saddle point region
but in no other region. In the transition states analysis a
.slab of phase space near the saddle point moving in the fission
direction m plays a central role.
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energy distribution for those few points which do lie in the saddle point
region also follows a law of exponential fall-off with low kinetic energy the
most probable.

We then have a simple way to estimate the density and kinetic energy
distributions of particles in the saddle point region. .In the transition state
method, indicated schematically in Fig. 1le1k, we consider a slab lying near
the pasé and at right angles to the direction n of the pass. We calculate all
the points within this slab,moving in the direction of the fragment valley. . If
the average velocity of these points:in the direction . is 55 the -slab will shift
a distance Vn,t in time, t, and we then know:the rate at which our system
points are going over the pass. SWIATECK13? formulated‘a simple analogy which
may make the nature of this calculation more easily visualized. Consider a
huge crater hundreds of miles high with gas at a certain temperature T trapped
in the crater by thq_earth's gravitational field. Suppose that the space out-
side the crater is a high vacuum. - Suppose further the crater has a small 1lip
at the top. Our problem then is to caléulate the rate at which the gas atoms
leak out through the 1lip. This rate will aepend.on the Boltzmann law, the
temperature of the gas, the height and breadth of the 1lip.

From a simple straightforward development which we do not go through
here it is possible to derive a rate equation for fission of the general form
JJ/ET :

Rate of fission = Ae ‘ (11.35)

is the fission threshold energy and A is a frequency factor. This

-E
t

where Eth

equation is exactly analogous to the well-known formula for the rate of a

chemical reaction. The analogous quantities and concepts in the two cases are

Chemical Reaction Fission
Activation energy - threshold energy
Reaction rate .— fission width

Adiabatic hypothesis — disregard of intelrnal degrees of
freedom

The fission threshold energy is just the potential energy of the nucleus

in the deformed configuration of the saddle point. The frequency factor A can

39. W. J. Swiatecki, private communication.
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be approximated in the case of kT small. by an expression of the type

- f;cN/cN, ¢ B
A~ 2_) (—-,5) —-,6-) e Lo (11.36)

: : ' &
where the Cn's are elastic constants of the type é—i—'

&x
n

The unprimed constants refer to the spherical nucleus and the primed constants

to' the saddle point shape. In order to evaluate them it is necessary to know

the contours of the potential surface in these two regions, but in no others.
The C' constants give ;ne dimensions of the lip tﬁrough which the "gas" is leak~-
ing. With the exception of C the elastic constants are paired off ~ one for
the ground state and one for the saddle point. ~ The M is an effective mass for
mo*ion in the o, modeq - '

CIf we were making an order of magnitude estimate we, would guess that the
ratios of the elastic constants C /C', would be about one so-that the frequency

factor ‘A would simpllfy even further to

an effective mass, i.e. an inertia coefficient for motion

/ stlffness in a direction roughly toward the saddle point (11.37)
across S.P

In this approx1mation, A ls a freqpency of magnitude ~10~ 2l seconds.
This leads to a crude rate formula ’
. - E,_ /xT
Rate ~10° el sec. e
~which provides a rough estimate of the rate of division of a charged liquid
drop when the excitation energy is limited by.

B,y <E< NEth'
From present knowledge of the potential energy mapping in the ground
. state and saddle point region it should be possible to evaluate the elastic
constants C as well as: the threshold energy and thus derive a .somewhat better
.estimate of the frequency factor than the lO second estimate given above but
there are mo published estimates of this. Therefore, our statements here are

meant only as a suggestion of the general nature of the calculation of
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"over-the-barrier" division of a liquid drop by classical statistical mechanics.

It is clear that a correct statistical mechanical calculation would have
to be quantized and that the influence of internal degrees of freedomt (in the
case of real nuclei) would have to be included. We now explore a few general
features of the quantization.

In their 1939 paper BOHR and WHEELERkO outlined a general épproach to a
quantum, statistical-mechanical calculation of the rate of fission.

Consider the sketch in Fig. 11.15 which shows the potential barrier to
fission along a fission dimension in deformation space. (For heavy nuclei with
X close to 1 this fission dimensioﬁ will be chiefly aé). We consider a collec-
tion of nuclei all excited to an energy interval of E to E « dE. The number of
energy levels in this interval is p(E)dE and we consider every level to be filled.
But we wish to apply the "transition state" technique which focuses attention
on those nﬁclei which have a deformation close to the saddle point shape. BOHR
and WHEELER}g)then suggest that we divide the total excitation>energy E into two
parts. The first chsists of,the potential and kinetic energy, Ef’+ K, associated
with the transition state, i.e. with motion in the "fission dimension". The
second consists of the energy € arising from the excitation of all degrees of

freedom other than that leading to fission. It is clear that

e =E ='Ef - K : 0 (11.38)

We define a level density p*(E - Ef - K) which gives the density of levels of
the transition state excited in all the non-fission degrees of fission to the
energy interval € to € + de. The level density expression p*(E - Ef - K) can
be integrated over all possible values of the kinetic energy K to yield the
total number of nuclei with the transition state region. But the only tran- -
sition state nuclei which slide over the potential energy hump and get
irrevocably committed to fission are those which have a component of velocity
v outward in the fission direction and we must take account of this. From such
considerations BOHR and WHEELERPFo derive the foilowing expression for the
fission'rate '

Fission rate = dE [ p*(E - Ep - K)V %2 (11.39)

K - '

40. N. Bohr and J. A. Wheeler, Phys. Rev. 56, 426 (1939).
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s Fig 11.15:  Transition ‘State -statistical: analysis of the

rate of fission according to. the qualltatlve develop—
ment of BOHR and WHEELER
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where the terms dE, p*, E, EK and K are defined sbove. V is the out-
ward velocity in the fistion direction, .dp is the momentum. interval,

and dK = vdp. 3 .

In order to apply this equation we must have some way of getting the
level density p for excited transition state nuclei. There is no serious pub-
lished literature which carries this statistical treatment beyond the qualitative
development of BOHR and WHEELER. A more complete treatment woﬁld include the
competition for de-eicitation of the nucleus by neutron emission when the total
energy exceeds the neutron binding energy. This is not a factor ih the liquid
drop "model" but is an important effect for nuclei. BOHR and WHEELER alsc out-
line a statistical treatment for decay by neutron emission.

If the total ‘energy of the system iS reduced to some value very close to
or less than the fission barrier energy the rate of fission will decresse markedly.
In the classical {case the fission rate becomes zero when the excitatioh'energy
is less than the fission barrier“but in quantum mechanics there is a finite chaace
of barrier penetratidn. This leaking is responsible for the occurrence of spon-
taneous fission. Figure 11.16 shows a échematic representaiion of penetration
of the fission barrier for a'single nucleus in a specific initial quantum state.
The situation is qualitatively very similar to the spontahebus emission of an
alpha particle from a heavy element and, asInuthe alpha case, we can distinguisa
three-regions;within which the nature of the wave function will be different.

It is important to recognize, however, that the wave function in the fission
decay picture is not a wave function for a particle penetrating a barrier but
for the motion of a surface going through a potential energy maximum in deforma-
tion space.

The first potential energy regibn corresponds to small vibrations of the
nucleus around a spherical shape which is stable toward these small distortionms.
The potential curve is roughly parabolic and the wave functions of the system
are very similar to harmonic oscillar wave-functions. A complete treatment would
also include‘supplementéry wave functions to describe possible rotations of the
drop. o ' ‘ '

In the4éround state there will remain some residual zero point energy of
vibration. In Fig. 11.16 the wave function shown is for a nucleus excited abowe

the ground state to some oscillator quantum state located below the barrier.



SN -54- UCRL-9036-Rev.

l.\
" Break in scale
~( Huge factor )
L R
o
\_lh‘ "
o
w
Coulomb ¢
) \Fission dimension
] (mos'rly 612) o
~Spherical
.. nucleus
) Mu-19394

ST L I
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-penetration of a fission Jbarrier by a nucleus exc:.ted to
less than the barrier energy
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In a calculation of spontaneous fission the proper wave function would be that
for the ground state. ,. ..-” - o . ”vA

In the barrier reglon the wave functlon of the surface motlon 1s an |
exponentlal functlon decrea81ng outward For low lylng states of nuclel the
wave function in the barrier region will be very small Beyond the barrler the
potential energy is governed by the Coulomb repu131on of two charged fragments.
At great distances the potentlal energy curve has a ﬁi—‘ dependence where RAB »d
is the dlstance of separation of the fragment centers. The wave functlon in
thls reglon rapldly reduces to a pure Coulombic wave functlon. _

The mathematlcal techniques for solv1ng this barrler penetratlon
problem would be patterned closely after those used, in the alpha decay problem
Order-of—magnltude estimates using a rough barrler penetratlon eqnatlon show
that the enormously long spontaneous fission half llves of such elements as .
uranium and thorium are qulte understandable ' In a qnantltatlve sense, however,
these rough estimates of spontaneous fission half llves are still very crude.
FOLAND and PRESENTLH' have carried through a barrier penetratlon calculatlon
for spontaneous fission using a hydrodynamic model assuming 1rrotatlonal flow.
They:-made a comparison of their equations with experimental data on the 1sotopesv
of fermium. WHEELEha.has also discussed the fission barrier penetration problem,

It must also be noted that the views of SWIATECKI concerning the two
branched nature of the BOHR-WHEELER family of equilibrium shapes which we disf‘
cussed above have.very important implications for a quantumrmechanical calcula-
tion of spontaneous fission rates. VAbove a critical value of x the fission 1

process may become:

sphere PEEE335> elongated shape E§££3§£> 2 fragments.

It is necessary to consider the penetration of the system through two barriers
instead of one. It .is important to have some way of estimating the height and

the thickness of both of these barriers.

41 W. D. Foland and R. D. Presext, Phys. Rev. 113, 613 (1959).
=f§2. J. A. Wheeler in the book "Niels Bohr and the Development of Physics"
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FONG'S STATISTICAL TREATMENT OF FISSION

In the mid nineteen-fifties FONGLB' developed a statistical mechanical
treatment of nuclear fission which differs in one important respect from the ‘
one we have discussed above. FONGLLS focuses attention-on the nucleus Jjust at
the'criticél moment of scission into two fragments rather than at the moment of
crossing the saddle point. He argues that the fission process is Sufficiently
slow that a nucleon might cross the nucleus many times as the nucleus moves
from saddle point to scission. Therefore it is possible that an instantaneous
statistical.equilibrium will be estabiished at any instant of the proceSs from
saddle point to separation. If this is true the crucial'sté£istical quantities
may be the relative densities of Quantum states of the nuclear configﬁrations
correeponding to different fission modes Jjust at the moment when statistical’
equilibriﬁm is last established,vpresumably'the moment Jjust before separation,

For convenience of calculation FONG apprdximates the configuration at
thls crltlcal moment by two deformed fragments in contact and for further compu—
tatlonal 31mplicity assumes deformatlon of the P3 (cos 6) type, where P3 is a-
Legendre Polynomial. This particular choice was made because it reproduces
most closely our infuitive feeling of the dominant shape of the just-formed
fiesion fragments. ‘The density of quantum states obviously depends .upon. .the
éXcitation ehergies of thé two fragments at the critical moment; hence. it is
impoftant to estimate the excitation energy carefully. Larger excitation energy
corresponds te a iarge denéity of quantum states and thus to larger relative
probability. The density of excitation states of a nucleus was taken from

the general statistical model of the nucleus to be

W_(E) = Caxp JaE (11.%0)

where a aﬁd c are empiricai perameters evaluatedﬂfrom other data and E is the
excitation energy. Since this level density expression is a rapidly increasing
fuﬁefien of the exciﬁation energy, a small change in the latter may result in
a large change of the relative probability. In the statistical theory of FONG

the basic reason for the favoring of asymmetric modes of fission is that

43. P. Fong, Phys. Rev. 102, k3L (1956).
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asymmetric fission is belleved to have an excitation energy larger by some. 5 _
Mev than does symmetric fission. For the basic calculation of the total energy
release in fission FONG derived his own semi-empirical eguet;on for the masses
of the primary fragments in various modes of fission. ‘Thié ﬁess equatioﬁ,_une
like the older equation of BOHR and WHEELERAO made allowanee for shell:effects
in the mass surface. Hence, in a sense, the occurrence of asymmetric fission
is related to the shell model of the nucleus, a suggestion which has been made

Li-48

also by -other authors. _ . ,
The total energy release has to be divided between internal excitation
energy .and deformation energy of the fragments, the.energy’of Coulombic fepul-
sion, and the energy of translation. The internal excitation energy vwhich is
of crucial importance in determining relative probability”of fission modes
according to this theory depends on the mass numbers, the charge numbers and
the deformation shapes of the fragments. FONG performed suitable integrations |
over these variables and was able to calculate a number of features. of the fission
reaction such as the mass distribution curve, the charge distribution curve,__
the kinetic energy distribution, etc. In particular, the calculations were:.
able to reproduce the mass dlstrlbutlon curve for U 35 very well. However,
PERRING and STOREYAY _were not able to obtain & fit to the Pu 239 fission yleld
data using FONG's theory although FONG48 was later able to secure a better Pit
by a revised choice of parameters in his mass equations. |
A number of objections have been raised to this purely statistical
theory of fission. . It places the entire emphasis on equilibrium level den-
sities just at the point of fission and takes no account of quantum state .
transition channels of .the fissioning nucleus at the top of the fission barrier
at the saddle point. It uses a eimplified model of fragment deformation energy;
presumably one should use Nilsson-type calculations of deformation energy,for‘

‘all possible modes of deformation. The level density distribution which is

LL. M. G. Mayer, Phys. Rev. Tk, 235 (1948).
45. L. Meitner, Nature 165, 561 (1950).

46. D. Curie, Compt. rend. 235, 1286 (1952);.237, 1401 (1953).
b, J. K. Perrlng and J. S. Storey, Phys. Rev. 98, 1525 (1955).
L8. P. Fong, Phys. Rev. (Letter to Editor on Pu 239 flSSlon)
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crucial to the theory is not based directly on.experimental information and may
not be correct for fission fragménts close ‘to the magic-numbers. .Also, it.is ndt
certain that the level density formula is correctly chosen for- deformed fragments.
NEWTONM9 0 developed a level spacing formula which repreduces shell effects
on the spacing of nuclear levels when nuclear excitation .is greater than one Mev:
If this formula is substituted for the level density formula used by FONG.in his
sﬁatistical model of fission the agreement with experimental mass yield curves and

. 1 :
other characteristics is no longer good. .Furthermore, STEIN and WHETSTONE5 .in a

study of the prompt neutrons emitted from the spontaneocusly fissioning nucleus Cf252
did not find a variation in the number of neutrons emitted as a function of. the mass
rétio‘of the fragments which the theory predictéa

Nonetheless we cannot ignore the great body of experimentai evidence, to
be discussed later in this chapter, which shows that shell structure in the |
fragments is correlated with many of the observed .characteristics of fission--
such as, the total énergy release, the mhss charge distributions, and the probabi-
lity of neutron emission as a function of fragment mass. This evidence strongly
suggests that statistical factors at somé time late in the fission process play
a strong role in the ultimate resultsbof fission. A more careful coﬁsideration
will'haVe-to be given to the potential and kinetic energy mapping of a deformed
ligquid drop and of the dynamics of division before it will be possible to judge

whether the fundamental assumptions of FONG'S +treatment are valid.

.EFFECT OF ANGULAR MOMENTUM

In the treatment of the liquid drop model as reviewed here nothing has been
said concerning the influence of angular momentum. This neglect is justified in
the case of sﬁontaneous fission or of fission induced by capturevof slow meutrons.

" However, when fission is induced by particles -of high energy the angular momentum
may be quité high and may play an .important role.- This is particularly true in
the bombardment of heavy element targets with heavy»iohs when the angular momentum

of the compound system may range from 50 to 130 units or md}e.

49. T. D. Newton, Shell Effects on the Spacing of Nuclear Levels, Can.. J. Phys
u, 80k (1956)

50. BSee T. D. Newton, Paper D1, Proceeding of the Symposium on the Physics of
Fission, held at Chalk River, Ontario, May 14-18, 1956, report CRP-6L2-A.
Atomic Epergy of Canada-Limited, Chalk River, Ontario, Canada.

51. W. E. Stein and S. L. Whetstone, Jr., Phys. Rev. 110, 476 (1958).
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PIK—PICHAK52,considered the,influencé of angular momentum on fission
barrier height and cross-section. He assumed the validity of the,liquid drop
model and further assumed that momeht of inertia of the rotating drop was |
equivalent to that .of a rigid body.

The change in total energy of the drop as the spherlcal drop is
deformed contains a surface energy and a coulombic energy term as before but,
in addition, there is a term for the shift in rotational energy as the shape

of the drop is changed.
AE = NE_+ AE_+ OB | C(anas1)
s q- 0 : :

For a given value of angular momentum the potential .energy mapping as a function
of the deformation coordinates can be calculated and . the saddle points corres-
ponding %o'points of unstable equilibrium again computed. PIK—PICHAK52 shows
that the energy of the saddle point is definitely lowered by the angular
momentum and that fission probability is greatly increased. Thus, angular
momentum must rank with nuclear charge as an important factor pushing toward
nuclear fission.

‘For each value of the fissionability parameter, x = (ZZ/A)/(ZZ/A)crit’
there is a critical value of the ratio —EQE , which establishes a limit above
which the spherical charged drop is no logger a configuration of stability. in
the conventional picture of the liguid drop model all such-nuclei would fission
instantly.

~ Some detailed calculations of the influence of angular momentum on
saddle point energies and other characteristics of fission are being computed
by HISKES.”>
11.2.2 The Unified Model and Fission Theory. According to the unified

model of A. BOHR54 some fission phenomena are expected to be correlated with

52. G. A. Pik-Pichak, Soviet Physics JEIP 7, 238 (1958).

53. J. Hiskes, unpublished results, Lawrence Radiation Laboratory Report UCRL—
9275, Berkeley California, 1960.

54. A. Bohr, Paper No. P/911, "Proceedings of the International Conference on
the Peaceful Uses of Atomic Energy", Vol. 2, p. 151, United Nations, New
York (1956).
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the properties of particular quantum states at ‘the saddle point. As the
excited nucleus approaches the saddle point its excitation energy is con-
verted into potential energy of deformation; with the result that at the
saddle point the nucleus .is "cold". Only a few widely spaced levels will

be available and the spins énd parities of these levels will probably have

a marked effect on the mode of fission. It is thought that the spectrum of
low-lying levels at the saddle point will resemble that of the levels of the -
nucleus near its ground state configuration. Ih Chapter 9 it is shown that the
lqw-lying states of even-even compound nuclei consist of a series of rotational
levelé (O+, 2+, L+, 6+, étc.) based on a O+ ground state and a series of
‘negative parity states (1-,.3-, 5-, ...). The negative parity states are
believed to represent a rotational set of levels based on a 1l- base state
which itself represents a deformation of the nucleus into an asymmetric shape.

. If the low-lying levels of an even-even nucleus déformed to the saddle
point configuration are similar to the low-lying levels for: the undeformed’
nucleus then the 1- negétive parity state may play an important role in the
fission of nﬁciei which are excited to some energy close to the fission thresh-
old. These ideas are given schematically_in Fig. 11.17. Aéymmetry in fission
éan possibly Dbe related to-the occufrencevof these negative parity states.

- The angular distribution of the fragments may also be related to a fission
process dominated by the passage of the nucleus through a 1- fission channel
state. This is discussed more fully iﬁ Section 12.1.6 of the next chapter.

At high excitation energy when the potential energy requirements of

the deformatioﬁ at the saddle point removes only part of the initial energy of
excitation many alternate levels become available as fission channels. . Then

fission becomes more symmetric and angular anisotropy effects are washed out.
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Fig. 11.17. Schematic view of A. Bohr's suggestion that a nucleus
caused to fission by neutron capture may use up most of its
excitation energy in deformation leaving only a few possible
quantum states (channels) available. These states may resemble
the low-lying states of the unexcited compound nucleus.
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11.3 THE PROBABILITY OF FISSION

11.3.1 vEmRirical RelationshiEs for Fission Activation Energy. The
theory of BOHR AND WHEELER5 predicts a variation of fission- barrier or critical
deformation energy for fission which has a strong dependence on Z /A For this
reason the quantity Z /A has come to be regarded as an important fissionability
parameter., However, fission thresholds obtained from photofission and neutron-
fission cross section measurements show that the apparent“fission threshold does
not depend so strongly on Z and A as the theory predicts.

Some years ago SEABORG.B'6 made an attempt to calculate the slow neutron
fission threshold, or barrier, Eb’ from an empirical equation for spontaneous
fission haelf lives determined from the characteristics of a line like that shown
in Figure 11.30 below. Hé noted that the general trend in the rate of spontaneous
fission of even-even nuclei could be reproduced by the expression '

o 1o7BL , 1ol - 3.75 2°/ | -

T = x 10 (11.42)
It is known that spontaneous fission 1s a quantum-mechanical bérrier penetra-
tion process and that the half-life must be a sensitive function of the flssion
barrier height., In particular, FRANKEL AND METROPOLIS57 derived the relation-

ship
T = lO-Zl‘X 107"85 By seconds - (11.k3y)

where the fission barrier, Eb’ is in Mev. SEABORGS:6 assumed the essential cor-

rectness of the form of equation 11.43rand'used both equations to obtain

E = (19.0 - 0.36 ZZ/A) (1;.%&)

This equation is applicable only to compound nuclei of the even-even type over

s limited range of ZZ/A because the equation 11.%2 upon which it is based applies

5i. N. Bohr and J. A. Wheeler, Phys. Rev. 56, 426 (1939)
56. G. T. Seaborg, Phys. Rev. 88, 1429 (1952)
57. Frankel and Metropolis, Phys. Rev. 72, 914 (1947)
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only to thls nuclear type. In section 11.3.6 below it is.shown that the rate

of spontaneous fission of even-odd and odd-even: nuclldes 1s less. by an average
factor of about 103, and the rate of spontaneous fission of odd-odd nuclldes is
less by a factor of about lQS, Therefore, flSSlon barriers might be effectlvely
ghigher by about‘o L4 and O. 7 Mev, respectively, on the bas1s that each factor

of ten increase in half llfe corresponds to an 1ncrease of about 0.13 Mev. 1n

barrier height. . Thus the emplrlcal relationship becomes

I

(19.0 - 0.36 Z2/A + €) Mev

By

where € = 0 for even-even,

€ = 0.4 for even-odd and,

¢ = 0.7 for odd-odd nuclides. (11.45)

11

Since a measurable amount of neutron induced fission can occur at an excitation
energy;less than the top of the barrier at a point when the time for fission
becomes comparable with the time for gamma emission -- that is, in a time .of
a‘bou.tjl_O_l)1L seconds -- the required energy of activation, Ea, is less than the
barrier height Eb which represents a hypothetical fission time of some lO_21
seconds. Thus if we use the relationship that each factor of ten in rate
corresponds to some 0.13 Mev.of energy, it follows that Ea_is, in general, some
0.9 Mev less than Eb’,

When the energy difference Bn(neutron binding energy) minus B, (cal-
culated activation energy) is tabulated as in Table 11.4 there results a cor-
relation with slow-neutron fission which . is surprisingly good. The nuclides
‘which show a positive energy difference (Bn minus Ea) have a fission cross sec-
tion greater than about one’barn, and -the nuclides with a negative (Bn minus
Ea) energy difference have fission cross sections below this arbitrary line of
demarcation of non-fissile and fissile nuclides.  When the value of Eé exceeds
the neutron binding energy Bﬁ’ leading to a negative value for (Bn minus Ea)
in Table 11.4, this difference should be equal to the neutron energy threshold
for fission. From the table; the following. nuclldes should have the indicated
thresholds for neutron-induced fission: Th232(0.9 Mev), Pa 31(O,Q-Mev),U23u(OQ3M@ﬁ>
U236(O.3 Mev), U238(O.9 Mev) and Np237(0.3 Mev). Fission thresholds are not
sharp i.e. are not true thresholds owing to the barrier penetration nature of
the fission process and therefore experimentally determined thresholds depend

somewhat on the sensitivity of the measuring technique. The following
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- Table 11.4 Correlation of slow neutronvfiséionability with activation ¥.
energy for fission and corresponding neutron binding energy

v Ac

U

. Eib* | Ea** - BD*** | Bn—Ea. | Sl??sgfgﬁion
‘Nuclide - (Mev. (Mev) (Mev) (Mev) ability .
Ra P S 5 6.2 4.5 a7 -

28 g 6.3 b7 1.6 B
221 7.2 6.3 5.0 . o -1.3 -
el : ' 6.2 . 5.3 7.1 1.8 +
The® 6.7 5.8 5.3 0.5 -
7h 2% 6.3 5.4 6.8 1. +
h239 6.8 5.9 - 5.0 . ~0.9 -
pR232 6.9 6.0 L9 -1.1 -
Th 233 6.5 . 5.6 6.1 0.5 +
23" 7.0 6.1 b6 215 -
ps 230 - . 6.5. 5.6 6.7 11.1 +
pa 23t 6.8 5.9 5.7 -0.2 -
pa?3? 6.6 5.7 6.5 0.8 s
pa®33 7.0 6.1 5,2 0.9 -
y23 6.2 5.3 5.9 0.6 .+
y?3t 5.9 5.0 7.3 2.3 +.
us3e. 6.3 5.4 5.8 o.4
y?33 6.0 5.1 6.8 1.7 +
U23u 6.4 5.5 5.2 0.3 -
y?32 , 6.1 5.2 . 6.5 1.3 +
U236 6.5 5.6 5.3 - -0.3 | -
238 6.6 5.7 4.8 -0.9 -
y?3 6.3 5.4 5.9 0.5 +
np?* 6.1 5.2 6.9 1.7 4
Np236 _ 6.2 5.3. 6.7 1.k +
Np23 T 6.6 5.7 5.5 -0.2 -
Np238 6;u 5.5 . 6.1 'ow6 +
Np 7 6.7 5.8 5.1 0.7 -
py 230 6.0 5.1 6.0 . 0.9 B
Pu238 6.1 5.2 5.6 0.4 +
py?39 5.7 4.8 6.4 1.6+
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Table 11.4 (cont'd.) -65-
* *X KKK
E B B -E Slow neutron

. :.'(b ) ‘“(a:‘)‘ . .p' ) ) 2 . Tfissiop- .
Nu¢lide . MeV .etMeV : j(MeV<'7. (MeV) .- abllluy L SRR
Puzuu - 6z 5.3 5.0 T 0.1 + S
Pt 5.9 5.0° 6.3 1.3 x
py2e 6.3 5,4 5.0 “0.h L
Amzul ‘ 6.3 5.4 5.6 . 0.2 g
Amz&zm 6.0 5.1 6.2 1.1 +

242 T ) _ .
Am 6.0 5.1 6.2 1.1 +
Ane®3 6.k 5.5 5.2 - 0.3 -
en2te 5.8 4.9 5.6 0.7 2
cn2t3 5.4 4,5 6.7 2.2 +
cd™ s 5.0 5.7 0.7 2

245 - - N
.Cm 5.5 .6 6.4 1.8 +
c£2H9 - 5.2 k.3 6.6 2.3 +
'E25h 5.6 +

47

6.0 1.3

£ This table reproduced from R. Vandenbosch and G. T. Seaborg, Phys. Rev.‘

110, 507 (1958).

¥ Potential barrier for fission calculated from equation 11..45.

The equation

is, applied to the compound nucleus formed by addition of a neutron to nucllde

in column 1.

*% Activation energy for fission taken to be 0,9 MeV less than E

b*

*EX Neutfou binding energy for nuclide with mass number A + l.

*%%¥¥ The + denotes that the cross section for f15$1on is greater than about 1

barn,

The - denotes that the cross section for fission is less than about 1 barn.
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approximate-threSholds have béen experimentally determined: Th232 (1.1 Mev),,
Pa23l(0.4 Mev), U234 (0.3 Mev), U236 (0.6 Mev), U238 (0.9 Mev), and Np237
(0.3 Mev). It can be seen that the agreement between the prédicted and the,.
experimentally determined threshold values is good. |

It is possible to compare predicted and measured values even in those
cases in which the threshold falls below the neutrén binding energy. NORTHRUP,
STOKES and BOYER58 have déveloped an experimental technique, based on the (d,p)
reaction, for adding a neutron to a nucleus without exciting the new nucleus
to the neutron binding energy. Fission thresholds were obtained by measuring
the energy spectrum of protons in coincidence with fission events induced by
deuterons of known energy. More details.are given in section 11.3.L4 below.

The results indicate that detectable fission occurs in U235, Pu239 and U233

at neutron energies with "negative" energies of 1.5, 2.0 and Z.Q,respectively,%
in rough agreement with the values listed in Table 11.h4.
11.3.2 Cross Section for Fission with Thermal Neutrons. The three nuclides
235
U

5 U233 and Pu239 stand out in importance from all other heavy element nuclides.

Their importance in nuclear reactor and nuclear weapons stems from the facts that
they are readily induced to fission by slow neutrons, and that they can be pro-
duced and isolated in large quantities. In this book we shall not be concerned
with the technological uses of these nuclides. Table 11.5 lists the "international"
values for the fission cross-sections for the "big three".”?  The values given in
this table are for neutrdns of 2200 meters per second velocity. Because the cross
sections and associated quantities are energy dependent, a slightly different set
of values is required if a Maxwellian neutron energy distribution at room tempera-
ture is considered. It is also to be expectéd that continued experimental restudy

of these important fission parameters will result in some minor revisions of

"World Consistent'" set.

58. J. A. Northrop, R. H. Stokes and K. Boyer, Phys. Rev. 115, 1277 (1959).

59. D. N. Hughes and R. B. Schwartz, "Neutron Cross Sections", Brookhaven National
Laboratory Report BNL-325, Second Edition, Sup. of Documents, U.S. Gov't
Printing Office, Washington, D. C. (July 1958).' D. N. Hughes, Nucleonics 17,
No. 11, 132, 1939; D. N. Hughes, B. A. Magurno and M. K. Brussel, Report
BNL-325 (II) Supplement 1, 1959.

# The threshold values deduced by Northrup, Stokes and Boyer from their curves

are -0.60, -1.61 and -1.47 but these threshold are defined in a way less
suitable for comparison with the "calculated" values of Table 11.L.
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Table 11. 5 World Values nf 2200 m/s C:ross Sections of FlSSlonable Isotopes

‘ World Welghted Averagcs »: .., - -: WOrld Con51stent Set

Uranium-233

- Tabs (varns)- - 580 4 o - o 578 + 4
”QF(barns) 523 i‘3v. -:”. i“ » ' _SZS‘i.h ‘
’ ' 0,099 * 0,003 - 0.101 * 0,004
) 2.29 £ 0,00 2.28 + 0,02
v 2.50 + 0,02 - 2.51 % 0,02
A h o Uranium-2 ' '
v‘cabs(barns) . 683 £ 3 - A3? 683 % 3.
°F (barns) 582 + ) 582 & 4 .‘
A . 0.179.% 0,009 S 0.17k % 0,010
: 2,07 + 0,01 ' " 2,07 % 0,01
S2.43 % 0,02 243 + 0,02
°F (barns) The 4 o - The Y
a 0.38 £ 0,02 0.39 £ 0.03
0 2.08 %+ 0,02 _ 2,08 £ 0,02
v 2.89 * 0,03 : 2,89 + 0,03
Jabs is the‘abéorption cfoss section; GF is the fission cross section;

o ié the ratlo of radlatlve capture to flss10n,
Y) 1s the average number of neutrons emitted per neutron absorbed;
 is the average number of neutrons emltted per f1551on event.
From D, J. Hughes, Nucleonic 17, No. ll 132 1959.‘ See also Hughca, B. A. Mag-

urno, M. K. Brussel BNL 325 (II), Supplement 1, 1,59
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The cross secﬁions for radiaﬁive capture of a neutron. or for fission
induced,by neufron capture have beehfmeasured for mény other heavy element
nuclides and these are listed in Table 11.6. " Most of these were measured.by a
comparison method using U235 or.Pu239'as a reference standard in a Maxwellian
distribution of neutrons from a "thermal column" ‘of a reactor. ‘Many of these
- nuclides have higher fission probabilities than do the "big three"; however,
the half lives, the methods  of production and othér properties are not favor-

able for engineering uses.

°

An examination of the results shown in Table 11.6 reveals that a large
percentage of those nuclides-which'undergo slow-neutron fission contain an odd
number of neutrons. This is understandable when one considers that the compound
nucleus in such cases.is excited to a greater éxtent because of the energy
released in the pairing of neutrons when the incoming neutron is absorbed.
BOHR60 pointed o@t-very soon after the discovery of uranium fission that most
of the fission in natural uranium was due to the odd-neutron isotope, U235.

61,62

HUIZENGA: and DUFFIELD called attention to an interesting correlation
involving the ratio of fission to capture. The ratio of thermal neutron
fission cross section to the thermal neutron capture cross section can be

expressed as:

r . £ . ©(11.46)

°
3

where Ff/’ﬁ is the probability per unit time that the compound nuéleus‘loses its

60. N. Bohr, Phys. Rev. 55, 418 (1939).

61. J. R. Huizenga and R. B. Duffield, Phys. Rev. 88, 959 (1952).

62. J. R. Huizenga, Papér No. 26, "Proceedings of the International Conference
on the Peaceful Uses of Atomic Energy", Vol. 2, United Nations, N. Y.
(1956) p. 208.
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Ucapture(barns)

Isotope O, (barns) Reference Pile neutrons’
Raf?3 < 100 1 125 + 15
Ra226 | <1l.1 x 107" 2 18

- < 0.05. 3
Ra228 < 2 1 36+ 5
ac?el <2 1 495 + 35
on 2T 1500 + 1000 4
™?% <043 5 123 + 15
%% 45 + 11 5
Th23o < 0.001 6 26 t 2
Th43% < 0.0002 6 7.57 £ 0.17
™ ?3E < b x 1077 e
Th233 15 % 2 7 1400 *+ 200
2 < 0,01 i 1.8 £ 0.5
pg, 230 1500 + 250 8
pa?3t 0.010 *+ 0,005 6 293 + b
pg 232 700 + 100 8 760 £ 100
pa 33 <0.1 9 140 £ 20
Pa234(l.18_m) < 500 i
Pa23“(6.7 h) < 5000 L
ye® 25 + 10 b
ye3t 400 + 300 b
y232 80 * 15 10 300 + 200
y?33 532 = 6 11 56 + 2
U234 < 0.65 12 72 10
y?3> 582 + 10 11 112 + 10
4236 e .- 4.6t 6
U238 < 0.5 13 2.76 + 0.06

239 12 14 22
Np 23 900 + 300 15
Np236(5000 ¥) 2800 * 800 16 ,
np 23T 0,019 + 0.003 17 169 + 6
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_Table,ll.é“g(poht'd)f o '
. ) OC&P}P?@ (barns)
Isotope "cf“"('barns)' - Reference - "Pile“.‘r‘leutrons
Np238 ,; 1600;: 100 _ 18; E
Np239 <3 . 19 . 60 * 10
Pu?35 170 = 35 36 )
Pu237 2500 = 500 36
py 238 18.2 £ 0.5 20 489 + 3
18.4 £ 0.9 33
16.5 ¢ 0.5* 35
pu’ 738 + 9 11 287 + 13
Puzuo -0.8 ¢ 0.7** 2 530+ 50
~0.05 - 38 250 *+ Lo
0.03 * 0.045 39 )
pu? 1060 + 2100 22 390 + 80
| 950 * 50 23, 2k _
pyhe <0.3 B 18.6 + 0.8
S 0 19
a3 ‘ 170 + 90
PuZhu” 1.5+ 0.3
pu2to \ 260 * 145
A 3.13 ¢ 0.15 33 © 700 t 200
' 3.o*£:o.z 26,27 ‘
AmtE - 3000 28
- 2500 35
. | 2000 29 |
Amz%zf 6000 29 5500 -
o 6390 + 500 33
o 4600 | 35 : |
Am?"3 < 0.072 33 133.8 + 0.8
< 0405 L35
cm2*2 <5 et 25
om®3 490+ 70 0 250 + 150
690 * 50 33
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Table 11.6 (cont'd.)

. O'.c aptu r;( barn CJ
+ Isotope - o (barns) Reference Pile neutrons’
o o o 25+10
om0 1880 + 150 33 . 200 % 100
1 o 1800 + 300 3 |
}cm2“6' o o - ) 15 + 10
T | 180
n?® R . ' 2.2+ 0.7
pi 249 | S 1100 *+ 300
B0 - 350
Coe®9 630 . 32 270 + 100
cr?P | | | 1500
cf 251 , ' - .3000
Cf252 ' A . 30
e L ‘ 2
B3 — 52" 210
o | LS
B3 - . 2000" 300 %0 |
| ~ero0” 35 )
g% | ~40
;é Valties of Ocapture are reprinted from "Ta:ble 5.17 in Chap. 5 where
the references on which they-are based are listed.
* Measurement made in pile neutron flux.
** PuZLLO is of special importance in reactors. In a pile neutron
flux 1t is important to consider the sharp resonance at 1 electron
volt. See for example reference 38 and 39.
*** PuzlLl has an important low-lying resonance at 0.252 ev.
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excitation by fission and I' /ﬁ is the probablllty per unlt tlme that the com-
pound nucleus loses its excrtatlon by gamma ray em1551on If TC is;a very ‘
slowly changing funct:on of the nucleax excitation energy in the reglon under
consideration (5 to 7 Mev) and if T has a sensitive dependence on nuclear ex-
61tat10n energy in the above energy range, ~then a correlatlon of o /0 with
the energy difference Bn - Ea would e expected. Here Bn 1s‘the neutron bind-
ing energy and E is the activation energy for fission. Of course, nuclear
type may 1nfluence the o /G ratio to some degree, but it is not poss1ble to
_take thlS into account in a quantitative manner. For example, 'the probability
for gamma ray emlssLon may be less for the intermediate flSSlonlng ‘nuclei of
the even-even type because of larger level spacing, which means that flSSlon
is relatively favored and would occur at lower excitation relative to the bar-
rierbheight° Values of B - E ‘can be taken from Table 11.4. Some values of
o} /o are plotted 1n Flgure 11. 18 against the energy. difference B - E It
can be seen that the ratlo ¢] /G decreases sharply and rather smoothly w1th
decreasing value of B - E . Thlc correlatlon is useful in predlctlng the fls—
sion cross sectlon for nuclldes for Whlch ths quantlty has not been measured

231 237

or is difficult to measure. Nuclides such as Pa and Np , for example,

are on the borderline of thermal neutron fiésionability; In the next chapter
we shall be concerned With fission Drobability of nuclei excited to higher .
energy and there 1t will be regarded as a matter of some interest to explore the
somewhat related ratio cp/c =T /F as a function of nuclear type and excmta~

tlon energy. See section iz2.1. h
11.3.3 Flggwon Cross Sectlon as a Function of Neutron Energx in the

EQSEQ%%m§Q§~RéSOQ%QEEmEEQEEXNQESEQH' The variation in fissionability of the
heavy element nuclides as a function &f neutron energy is a matter of the
utmos® practical impOrtance:in reactor calculations and design and is of great
fundamental interest as well for an understanding of the nature of the fission
reaction. For this reason very detailed studies have been made of the isotopes
of thorium, uranium and plutonium with by far the greatest effort being devoted
to U235 and,Pu239. These studies, which are still in progress in many labora-
tories all over the world, consist in the measurement of scattering cross-sec-
tions, total absorption cross sections, fissiondcross sections and related

quantities such as & (ratic of radiative capture to fission) and v average

number of neutrons per fission, as a function of neutron energy. A great deal
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of effort has gone into the development of monoenergetic beams of neutrons using
time-of-flight techniques or érystal spectrometers. Accelerators and reactors
have been used as sources of intense beams bf neutrons. We have space to sketch
in only a few of the results. Those requiring a more complete discussion of
experimental techniques, results and interpretations can consult other refer-. ..

63-70

ences.
| Consider first Figure 11.19 which shows the fission cross-sections for

4235

0 to 0.2 electron volts the curve follows roughly the % law. Above 0.2 electron

and Pu239.as a function of neutron energy. For U235, in the region from

volts there are many sharp peaks or "resonances’ which reflect the capture

63. D. J. Hugheé, Pile Neutron Research, Cambridge, Mass.; Addison-Wesley, 1953

and D. J. Hughes, Neutron Cross Sections, Pergamon Press, New York 1957.

6L. D. J. Hughes and R. B. Schwartz,"Neutron Cross Sections'Report BNL-325,
Second Edition (1958). For sale by Superintendent of Documents, U. S.
Government Printing Office, Washington 25, D. C.

65. Vol. k "Cross Section Tmportant to Reactor Design,'" Proceedings of the Inter-
national Conference on the Peaceful Uses of Atomic Energy, U. N. New York,1956 .
Vol. 15 "Physics in Nuclear Energy', Proceedings of the Second U.N. Interna-
tional Conference on the Peaceful Uses of Atomic Energy, Geneva, 1958.

66. Progress in Nuclear Energy, Series I, Physics and Mathematics, Vol. 1, Charpie,
Horowitz, Hughes, and Littler, editors, McGraw-Hill Book Co., New York, 1956.

67. Conference on Neutron Physics by Time-of-Flight, held at Gatlinburg, Tenn.,
Nov. 1 and 2, 1956, Oak Ridge National Laboratory Report, ORNL-2309, July
1957 | |

68. Proceedings of the International Conference on the Neutron Interactions with
the Nucleus, held at Columbia University, New York, Sept. 9-13, 1957. Report
TID-7547. Available for $3.25 from Office of Technical Services Department
of Commerce, Washington 25, D. C.

69. D. J. Hughes in American Institute of Physics Handbook, McGraw-Hill Book Co.
New York, 1957.

70. J. Rainwater in Handbuch der Physik, Vol. 40, Springer-Verlag, Berlin'(l957).
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of a neutron with kinetic energy such that the binding energy plus the kinetic
energy of the neutron is precisely equal to the energy of some quantum state in
the excited nucleus. These resonances correspond to energy levels about 6 Mev
above the ground level in the compound nucleus systeme In the region of Oe2 &V
tb about 60 ev there are many dozens of sharp resonances with an average spacing
between resonances of about 1 electron volt, a very small value, On the scale
of this figure the curve can only indicate the complexity of tﬁe resonance struc-
ture, The extremely detailed experimental data on the individual resonances

can be represented adequately orly on a series of curves showing narrow cuts of
the energy spectiums - We show here only one example of such plots (figure ll.20)
since it is beyond the scope of our review to present-a critical -account of tqis
specialized field of neutron physicse The total absorption cross-section curves
are similar to the fission curves shown here; +the same resonances appear in
both capture and fissione However, the value of @, the ratio of capture to fis-
sion, is not the same for all resonances as can be seen in Figure 11,20.&8 stated
aboveg the resonances observed in these studies correspond to energy levels‘
about 6.4 Mev aboVe ground level in the U236 compound nucleus because of the
binding energy of the captured neutron,

The discovery of the'sharp resonances in the fission cross-section curve
and the large competition of radiative capture with fission was é surprise to
most physicists at the time it was first discovered, It had been thought that
the fissionable nuélides would haVe‘such large fission widths after capture of
neutrons in the low and intermediate energy ranges that all resonance structure
would be wasghed oute (See for example the discussion of BOHR AND WHEELER 25 in
their 1939 papere) The explanation of thé sharp resongnce structure is that the
number of saddle point channels available for fission from any one resonance
state is a number close to one. If a large number of channels were open for
fission in a nucleus excited to a typical slow neutron resonance state then the
resonance levels would become unresolved, This is presumably what happens at
higher excitation energiese

The high value of o for some of the resonances, particularly for Pu239,
means that a large loss of neutrons by parasitic capture in the fuel can occur
in & nuclear reactor unless the heutrons are very rapidly decelerated through
the resonance region., This resonance radiative capture is particularly harmful

in the case of breeder reactors The fission cross section for Pu239 as a function
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of neutron energy (Figure 11.19) shows that a very important resonance occurs

at the low neutron energy 0.296 electron volts. Since the value of & for this

resonance is quite high, 0.69, it is particﬁlarly important in reactor design.
The analysis of the resonance peaks observed in capture and fission,

is often carried out with the Breit-Wigner single level formula derived for a

stationary nucleus and for a resonance isolated from its neighbors. The Breit-

Wigner formula is
- r

o . =lLpa® E—n f C(11.47)
r1581on M(E-EO)2+ FZ o ,

where ,

N is the wave length of the neutrons

A° is the wave length of thé neutrons at resohance

I, the total width of the level, is the sum of the neutron
width I’ 0’ the radlatlon width F -and the
fission w1dth F ) '

.E is the neutron energy-and E refers to the neutron

 energy at: exact resonance

-

L 1
g is a statlstlcal Welght factor glven by g = 1/2 [l x STal J

I = spin of the target nucleus

It can be seen that the shape of theﬁresonahceris symmetrical with a maximum at
the resonance energy. The quantit&es Eo’ g, rn’ FY and Ff completely define a
resonance; if these parameters are known for each resonance and if the effective
nuclear radius is known, then the cross section can be accurately computed at
any energy. The need for data of this type for reactor design has made the
accurate analysis of the resonances of considerable importance. Several of the
references 64-66 cited in this chapter give tables of such parameters. These
tables are under continual.revision as more resonance peaks are resolved.

In the neutron capture resonance epectrum many of ﬁhe individual

resonances have the expected symmetrical:shape but in the fission spectrum many of

the resonances have .an asymmetric sha@e ieviating.markedlyﬁirom the prediction
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of the single-level Breit-Wigner formula.7l—7LF These bbserved asymmetries can

be explained in two ways: (1) +they are caused by small unresolved levels near
the prominent ones; or (2) they are caused by interference between the resonance.
levels. An increasing amount of recent experiméntal evidence points toward inter-
ference as being the more frequent cause. If this is fruly the case, then one
should use a multilevel Breit-Wigner formula to describe the fiséion resonances.
The size distribution of the reduced widths of a large number of levels gives
supporting evidence for this and provides some information.about the number of
channels open to fission. Analysis of these distributions indiéates that slow
neutron fission may involve a small number of fission channels. ? The experi-
mental data favoring a multi-level Breit-Wigner analysis aré presented by sev-
eral authors, particularly V. L. Saj.lorej']"?Z’w1L A multi-level dispersion for-
mula has been derived in published theoretical papers to account for the experi-

mental data. REICH and MOORE76 derive a formula which is valid for the case of

-a single flSSlon channel which SHORE and SAILOR74 apply quite successfully to
)

the resonance structure’of U 35 VOGT77 derives a multichannel, few-level, dis-
persion formula which also accounts reasonably successfully for the experlmental
data. ' |

One difficulty in the intérpretation of resonance structure'is the lack
of an experimental method for the detérmination of the angular momentum quantum
number for each resonance level. '

The analysis of fission resonances in terms of a multilevel Breit-Wigner

71. V. L. Sailor, International Conference on the Peaceful'Uses of Atomic Energy,
Geneva, 1955, United Nations, New York 1956, Vol. IV, p. 199.

72. F. J. Shore and V. L. Sailor, Proceedings of the International Conference on
the Neutron Iﬁteractions'With the Nucleus held at Columbia Univ. Sept. 9-13,
1957, document TID-7547, p.107-111. |

73. J. E. Evans and R. G. Fluharty, ibid, pp. 98-10L4; see also Fluharty, Moore and
Evans, Paper P/645 Vol. 15, Proceedings of the Second United Nations Internat-
ional Conference on the Peaceful Uses of Atomic Energy, September, 1958.

7h. F. J. Shore and V. L. Sailor, Phys. Rev. 112, 191 (1958); See also paper P/6L8,
Vol. 15, Proceedings of Second United Nations International Conference‘on the
Peaceful Uses of Atomic Energy, September, 1958.

75. C. E. Portor and R. G. Thomas, Phys. Rev. 104k, 483 (1956).

76. C. W. Reich and M. S. Moore, Phys. Rev. 111, 929 (1958); see also Phys. Rev.
118, 718, 1960. '

77. E. Vogt, Phys. Rev. 112, 203 (1958); See also Phys.Rev. 118, 724, 1960.
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formula has interesting theoretical consequences since it skrongly suggests
that slow-neutron‘fission 1s & process defined by one, or at most, s few re-
action channelse This seems strange at first consideration because 1t seems
natural to assume that each pair of fission fragments in each possible state
of éxcitation constitutes g separate fission exit channel, The broad distri-
bution of fiséidn fragment masses and energies would on this picture imply a
large number of channels, This anomaly can be removed in the model of the
fission process briefiy outlined by'AoBOHR78
which is mentioned in Sectlon 1l¢2.2. The essence of this theory is that the

at the 1955 Geneva Conference

hucleus on its way to fission must pass through a transition state in which
almost all of the excitation energy of the compound nucleus has been converted
to potential energy of deformation. At this transition state the nucleus is
| relétively "cold ' and only a few well defined quantum states will be avdilable
to 1te These states may resemble the low-lying states found near the ground
state for heavy nuciei which already at the ground state have considerable
defofmation; Thus, the original compound nucleus, élthough it could be formed
by capturé of* the neutrons into numerous levels, could pass through only those-
very few avajjable transition states with the proper total angular momentiim
and paritye The term 'fission chalnel would be associated with these transi-
tion statese Each of the transition states or fission channels can subsequently

lead to the formation of a whole spectrum of fission ffagmenfsg

11.3.4 Fission Threshold Measurements bx the Sd;BE Fission Method,.
PSS SISO A LUPNT NN LTI, NI \ANNMNSING

It is not pOSSlble to investigate the threshold energy region for a compound
nucleus formed by the capture of a slow neutron if this nucleus is already ex-
cited above the fission threshold when the neutron ig ahcurbed. At the Los
Alamos Scientific Laboratory STOKES, NORTHRUP AND BOYER‘9’ have developed a

clever experimental technique for the measurement of fission cross sections of

78. A.Bohr, Proceedings of the United Nations Conference on the Peaceful Uses
of Atomic Energy, Geneva, 1955, United Nations, MNew York, 1956, Vol.2
p. 151,

79. R. Ho Siokes, J. A. Northrup and K. Boyer, Paper P/659 in the Proceedings
of the Second United Nations Internationsl Conference on the Peaceful Uses
of Atomic Energy. ‘

80. J. Ae Northrup, R. H. Sickes and K. Boyer, Phys, Reve 115, 1277 (1959).
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nuclei excited to a definite value Eglgz the neutron binding energy, The Z
(d,p)‘ZA*l reaction is used to produce the compound nucleus ZA illrin an excited
state, As in the case of neutron bombardment compound nuclei can achieve excita-
tions greater than the neutron blndlng energy, & (reglon B of flgure 11421) ;.
the compound.* nucleus 1s, hOWever, not llmlted to this reglon of exc1tatlon as
it 1s in the case of slow neutron capture, but in addition can achieve any exci-
tation from zero up to en (region A of figure 11,21)s This region A where the
absorbed neutron has "negative" kinetic energy is most ihteresting because the
probability for fission is not obscured by neutron re-emission and because the
fission thresholds of many fissioning nuclei may appear,hereo

It should be noted that fission 1nduced by capture of neutrons by
deuteron strlpplng dlffers from fission induced by slow neutron capture in that
angular momentum greater than zZero may’be brought into the nucleus 1n the first
case. This angular momentum may hgve a noticeable effect on the f;sslon process.

The experiment consists in the bombardment of.suitehle‘teréets with 1k
Mev deuterons in the external beam of a cyclotron.and,the;slmulténeous>measure-
ment of fission fragments and of protons with a known énergye A‘$chematic dia-
gram of the apparatus8l is shown in Figure 11,22, The fission detector is a‘
shallow proportlonal countér operating at reduced gas pressure, This counter
detects fragments in a cone with a 50 half angle centered at a 90 scattering
angle, The A E counter is an ion chamber which is used to measure the rate of
energy loss of light charged particles, After passing through the AE counter
these particles are stopped in a small crystal of Nal and give up the remainder
of their kinetic energy, Eo_lThe NaI crystal is connected to a light pipe and
photomultiplier tube and finally to a 100 channél analyzer which determines the
quantity E_byfmeasdring'the size of the pulSe‘from the photomultipliers

-The purpose of measuring both AE and E for the.light charged particles
is that discrimingtion of protons from other particles, chiefly deuterons and
trltons, can be achleved by forming the products, AE x Eo From a theoretical
consideration .of the ways in which- such charged particles-as.protons, deuterons
and tritons give up their energy in passing through matter, it is found that
the mass of‘avcharged perticleyis'nearly proportional, over a relatively large
energy range, to the product of~its initial rate of energy loss multiplied by
its total energy, In the experiment of_STOKES, NORTHRUP AND BOYER79’8‘O theA E

:81¢ Details of the apparatus are given in Reviews of Scientdfic Instruments, a9

61 (1958),
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Fig. 11.21. ZEnergy relations for the (d;P) reaction on heavy

 elements. (Center-of-mass-motion is neglected). E4 and
-€q are the kinetic and binding energy of the deuteron .
respectively. E_ is the kinetic energy of the outgoing
proton and E, is the equivalent kinetic energy of the in-
coming neutron. €, is the neutron binding energy and E,
is the excitation above the ground state, both for the
compound nucleus. 0  and 0y are representative cross
‘sections of the (d,p% reaction and this reaction followed
by fission of the compound nucleus. The experiment is '

- mainly concerned with region A where the captured neutron
from the (d,p) reaction is bound. Figure from Stokes,
Northrup and Boyer; Phys. Rev. 115, 1277 (1959).



-85- UCRL-9036-Rev.

bo

\ N :
-\ ,Ne
- b
h R B8R AE
P ’ snnnn E
// /
e /
e ./
e 7
// //
7 4
Y
_//// // .
Pre
i s —
. P . 7 r ’
Y . G g "1 INCH
o . N .
g e

MU-18859

Fig. 11.22. Schematic drawing of the experimental apparatus used
in the study of_(d,p) fission with all counter .sizes and |,
distances drawn to scale. The main counters used in the
proton-fission coincidence measurements are the following:

F, fission proportional counter; AE, a thin transmission ion-
chamber; E, a NaI(T1) spectrometer. The auxiliary components
shown are these: (a) deuteron-beam path; (b) final gold
-collimator having a l/l6-in. aperture;'(c) fissile target;

(d) and (e) the alternate positions of the AE and E counters
‘respectively during the Ed = 7-Mev runs; (f) Z-mg/cm2 gold
_scattering foil; (g) NaI(Tl) counter used as the beam-energy
monitor; and (h) Faraday cup. Figure from Stokes, Northrup
and Boyer, Phys. Rev. 115, 1277, (1959)." ‘
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counter takes out a sizable chunk of the initial energy so that AE x E is not
quite the proper product for use in mass identificatione Instead, they use the
expression, (E + L 1/2 AE) AE, Where,EO is a constant, and achieve very
clean discrimination of protons, deuterons and tritonse A high speed computer
circuit utilizes coincideht AE and E pulses to perform the féquired arithmeti-
cal operations. The output of the eomputor circuit is put through.a simple
discriminator which passes only those pulses identified gs proton pulses,
The 100 channel analyzer is used to measu¥e the energy of any particle which
has been identified as a proton., By a suitable arrangement of coincidence cir-
cuits it can also be used to measure the energy of any particle identified as
a proton which is coincident in time with a fission evente By analyzing many
(d,p) reartion events in this manner, curves are obtained showing the total
(4,p) probability and the (d,p-fission) probability as a function of the energy
of the protons. Data for the target nucleus Pu239 is shown in figure 11.23.

" The top spectrum is the fission-coincident proton energy spectrum corrected
for chance rate. Below this is the total (d,p) proton energy spectrum corrected
for light element contamination. It is instructive to plot the gquotient of
these two spectra and this is done in figure 11.24 not only for Pu239 but also
for U233, U235 and U238 targets, Thesé curves are normalized according to the
known solid angle of the fission counter assuming an isotropic fragment distri-
butions In figure 11,24 the energy scale has been reversed from the previous
two figures to correspond to neutron energy increasing to the right.

The case of U238 is included since the fission threshold in this case

falls in the region of positive neutron energies and a comparison can be
made with the measurements made by more usual experimental methods. The agree-
ment in this case with the fission excitation function of LAMPHEREB2 is satis-
factorys - The other three cases are quite interesting in showing fission thres-
holds in the region of "negative" neutron energies, There appears to be consid-
erable structure corresponding to more than one distinct threshold in the case
of Pu”3? ana U733, STOKES, NORTHRUP AND BOYER793"89 suggest an interpretation
of these multiple thresholds in terms of AoBOHR’S78 picture of the fission

process as the passage of a deformed nucleus through a limited number of transi-

#82. R. W. Lamphere, Phys, Rév, 204, 1654 (1956)
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Fig. 11.2%. Data obtained by Stokes, Northrup and Boyer for

a Pu?39 target in their (d,p-fission) experiment. The top -
curve is the energy spectrum of protons in coincidence with
fissions (corrected for the chance rate deSﬁ%nated as Op.
In the middle, o, is the total Pu239(d,p)Pué*Y proton
spectrum corrected for light-element contaminants and the
target backing material. At the bottom P = og/0, is the
ratio of the top two curves and represents, at least in the
bound-neutron region, the probability of fission decay of the
compound nucleus. Representative statistical errors are
shown. Figure from Stokes, Northrup and Boyer, Phys. Rev.
115, 1277 (1959).
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Flg 11.24. The probablllty for flSSlOn, P, as a fu.nctlon of neutron
energy as measured by the d,p-fission experiment showing the
curves of four target nuclides in their proper relative position.
Figure from Stokes, Northrup, and Boyer, Phys.-Rev. 115, 1277

7(1959)
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tion states resembling thevlow energy states of non-spherical nuclei,

Two interesting comments can be made about the (dp - fission) experi-
ment, It was found that when uranium targets are bombarded with deuterons,
most of the total fission cross section resulté from compound nucleus formation
and only a small fraction comes from the (d,p) reaction followed by fission.

This conclusion agrees with that made by SUGIHARA AND COWORKERS83

in a radio-
chemical analysis of fission product distributionss It was also found, as is
evident from a glance at figure 1l.2k4, that only a fraction of excited nuclei

formed by the (d,p)'reaction decayed by fissione

11.3.5 Cross-sections for Fission Induced by Newtrons in the NMev Range
of Ener%lga We have seen that neutrons of thermal energy or of energy slightly
abové‘therﬁal in the so-called resonance region can induce fission when the
excitation energy of the compound nucleus is above the fission threshold, With
higher energy neutrons it is possible to induce fission in any heavy element
nucleus. It is of interest to note how the cross section changes as the neu-
tron energy rises through the Mev range of energies, We can roughly classify
heavy element nuclides in three classes as shown schematically in figure 11.25,
In Category A we consider nuclides which have a fission threshold above
thermal energies and a sharp rise in cross section to a value which is.a sizable
fraction of the geomebrical cross sectione The curve then flattens out over a
several Mev range until a new rise sets in at about 5 to 7 Meve This second
rise is attributable to the fact that the excitation energy is high enough to
permit evaporation of one neutron without reducing the excitation energy of
the residual nucleus below the fission threshold; in this case, the system
gets a second chance to undergo fission; (n,nf) reaction, An excellent example
of this behavior is the U230 case shown in figures 11.26 and 11.27.

This type of fission excitation was predicted by BOHRau in 1940, Other

85-86

isotopes for which experimental data are available indicating an excitation

231, U23u’ U236, Np237 Pu2l+o and Amzhln

curve of this general shape are Pa s

83. T. T. Sugihars et. 8l., Phys. Rev, 108, 1264 (1957).

84 N. Bohr, Phys. Rev. 58, 864 (1940)

85. R. W. Lamphere, Phys., Rev, 10k, 1654 (1956)

86. R, K. Smith, R, L, Henkel and R. A, Nobles, Bulle, Am., Physe. Soce II, 2
196 (1957) and unpublished results, Los Alamos Scientific Laboratorya
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Fig. 11.25. Schematic behavior of neutron-induced fission cross
sections. Cross-section in barns as function of neutron
energy in Mev. (After J. D. Jackson.)

‘Category A. Targets with finite fission threshold.

Category B. Targets which fission with thermal
neutrons. The scale is too compressed
to allow proper display of the curve in
the thermal and low-energy resonance
region.

Category C. Targets with finite fission threshold
but with only moderate fissionability.
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Fig. 11.27. Variation of féssion cross section with fast
2

neutron energy for ye3 U233, U23%and Pu23?. Data
from Smith, Nobles and Henkel.86
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Curves are given in reference 6k,

The measurements on U 238 have been extended to neutron energies as
high as 22 Mev as shown in figure 11,28, taken from a publication of HEMMEND-
INGER87 This figure is interesting because it shows a threshold for the
(n,nf) reaction at 6 Mev, one for the {n,2nf) reaction near 13 Mev and a hint
of one for the (n,3nf) process near 19 Meve

The curve for the Th23 has several of the features expected for a nu-
clide in Category A (threshold value above thermal region, a rise at 6 Mev when
"second-chance'" fission sets in, etce) but it also has some very special fea-
tures. This curve, shown in figure 11.19 has pronounced structure in the 1.5 -
3.0 Mev range. This structure may be associated with the excifation of a few
fission channels. This interpretation is in agreement with the violent shifts
in the anisotropy of the fission fragments which have been found to occur as
the neutron energy is changed across this energy regions, See the discussion
of section 12,1.6 in the next chaptere

Returnlng now to figure 11,25, we can discuss Category B which 1ncludes
nuclides which have high cross sections for fission with thermal neutrons. In
the Mev range of energies the fission cross section drops to something of the
order of one barn, stays almost constant over a range of several Mev and rises
again to a new plateau when the neutron energy is 6-8 Meve We show the data
of SMITH , HENKEL AND NOBLESD in figure 11,27 for U533, 023 ana PuZ3? which
are representative of Qategory Be

Category C represents nuclides of low fissionability with fission
thresholds above the thermal regione We have no good experimental curve to
show as an example. The plateau following the initial rise lies at a small
fraction of the geometrical cross section. The peak in the region of the se-
cond plateau is expected because there should be a range of energies in which
neutron emission will leave the intermediate nucleus with sufficient energy
to fission, but not enough to emit a second neutron., When somewhat highef en-
ergies are reached, the emission of a second neutron becomes possible and
since this is a more probable process for this class of nuclides, the observed

fission cross-section decreasess

87. A.Hgmmen-dinger, Paper P/663 Volume 15, Proceedings of the Second United

Nations International Conference on the Peaceful Uses of Atomic Energy, 1958.
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An interesting empirical correlation of fission cross sections for
neutrons with energy falling about in the middle of the first plateag wa§' rQ-
88 for fissio
posed by HENKEL AND BARSCHALL " .Théy plotted the fission cross sectioinnduced
by 3 Mev neutrons against Zu/s/A and found the linear yglationship shown in
figure 11,29, This correlation is useful for predicting cross sectionss There
is no presently known theoretical reason for the special significance of the

quantity Zu/3/A°
11.3.6 Probability of Spontaneous Fission

HALF LIFE MEASUREMENTS

Spontaneous fission is generally observed for the even-even nuclides
in the. region of thorium and higher elementse Spontaneous fission is very
strongly dependent on the atomic nunbere The rate is vanishingly small in |
Th232 but increases rapidly with increase of atomic number until at element
100 the rate for some isotopes becomes comparable to that for other modes of.
decay.

LIBBY89made the first reported'attempt to discover spontaneous fission
in uranium but failed to find it because of the low specific activity for the
effect. PETRZHAK AND FLEROVQQ'made the first positive demonstration of spon-
taneous fission; they made their discovery with the element uranium. SEGRE‘91
described measurements made by himself and his coworkers at Los Alamos during
orld Wer IT on the following muclides: Th230, mn?3%, paf3t, v?33, ye3h 83,
'U238, Np237, Pu238, Pu239, and Amzul0 In principle, the experiments consisted
.of putting a thin layer of the material to be investigated into an ionization
chamber connected to suitable amplifying and recording gircuits. These nuclides
have such long half-lives for spontaneous'fission that close attention must
be given to discrimination against pulses from the manyfold more numerous alpha

.particlesfxggckground pffeets,and from possible fission induced by stray neutrons.

88. Henkel and Barschall, private coﬁmunication from Ra He Stokes; See also
Allen and Henkel, Progre Nucle Energy, '~ . Series I, Vol II. 38 (1958)

89, W. F. Libby, Phys. Reve 55, 1269 (1939)

90. K. A. Petrzhek and G, N, Flerov, Compte Rendu, Acade Scie USSR 28, 500
(1940), J. Phys. USSR 3, 275 (1940). ‘

91, E. Segre, Phys. Rev, 86, 21 (1952),
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Self absorption losses can be“severe6 These difficulties are gréatly reduced as

higher elements are studied, In particular, the study of spontaneous fission
' 252 254

in californium and fermium is comparatively easy. For example, Cf and Fm

have spontaneous fisgion decay rates which are a few'bercent of the alpha decay

rate while Fm256 and szbu

decay primarily by spontaneous fissione TFor such
nuclides the méasurement-of spontaneous fission rates is a convenient routine
method of detection and measuremente Spontaneous fission can also be detected
and subjected to quantitativé measurement by radiochemical analysis of fission
products, a subject which is reviewed in section 1lolel later in this chapters
Table 11,7 lists the known data on spontaneous fission half-lives to-

gether with references to the original data.

CORRELATIONS OF SPONTANEOUS FISSION DECAY RATES
The data on spontanéous fission can be treated graphically in a number
of ways. WHITEHOUSE AND GALBRAITH92 and G. T. SEABORG93i

interesting observation that in the case of even-even nuclides the half-life for

ndependently made the

spontaneous fission seems to decrease exponentially with increasing ZZ/A while
nuclides with an odd number of nucleons (protons or neutrons or both) decay at
a much sléwer ratee Thus a plot of the logafithm of the partial spontaneous‘

fission half-life, T, against ZZ/A resulted in a fairly good straight line for

the limited data avallable at the time,

| r = 1021y 1018 = 3675 B/A oo, (11.48)
When more data were accumulated, it became apparent that although the ﬁarameter
ZZ/A accounted broadly in this manner for the variation in half-life over a range
of Z values, for a given value of Z this parameter did not account for the waria-
tion of half life with A. Thus HUfZENGAQ pointed out that for a given value
of Z the half life goes through a maximum as A varies, In addition, there is

a dramatic increase in the decay rate for nuclides with more than 152 neutrons

as pointed out by‘GHIORSO9Sa A plot of the logarithm of the half-life versus

92. W. J. Whitehouse and W, Galbraith, Nature, 169, 4oL (1952)

93. G. T. Seaborg, Phys, Reve 85, 157 (1952) |

9%, J. R. Huizenga,.Phys. Rev, 9L, 158 (195k)

95. A. Ghiorso," Spontaneous’Fission Correlations”, Paper P/718, Proceedings of
the International Conference on the Peaceful Uses of Atomic Energy, Vol, 7,

United Nations, New York, 1956,
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Table 11.7 Half Lives for Spontaneous Fission
Isotope Half‘Life Reference
23 >1.5x10M Ty E. Segr, Phys. Rev. 86,21 (1952)
Th232 > 1020 y A, V,.Podgurskayavgz al., Zhur.
_ Exsptl. i Teoret. Fiz. 28, 503 (1955)
> 102f ¥y G. N. Flerov et al,Sov. Phys. -
Doklady 3, 79 (1958)
y3e (8 £ 5.5)x 1013 y A. H. Jaffey and A. Hirsch, unpublished
= _ work (1951).
234 16 _ . A
S 1.6 x 107y A, Ghiorso et al., Phys. Rev. 87, 163
(1952) .
y?32 1.8 x 1017 y E. Segre, Phys. Rev. 86, 21 (1952)
U236 Z,X’lO16 y A, H., Jaffey and A. Hirsch,
unpublished data (19%9)
@38 8.0k x 107 v ‘E. Segré, Phys. Rev. 86, 21 (1952)
U238' ' (5.9 ¢ O.lh‘)x-‘lol5 y P. K. Kuroda and R. R. Edwards, J.
: . Inorg. Nucl. Chem. 3, 345 (1957)
(5.8 £ 0.5)x 10 y.. E. K. Gerling et al. Rediokhimiya 1,
, 223 (1959) '
238 16 o
U (1.3 £ 0.2)x 107 y N, A. Perfilov, J. Exp. Theor. Phys.,
: ' USSR 17, 476 (1947)
i 237 18 .
Np > 107 y V. A, Druin et al., Sov. Phys., JETIP
c 13 913 (1961) _
Pu23v 3.5 X'109 v A. Ghiorso et al., Phys. Rev. 87, 163
, - (1952)
- ..238 10 ' ) 3 L
Pu k.9 x 107 y A, H, Jaffey and A. Hirsch, unpublish-
ed data (1947)
(5 + 0.6)x 10° y V. A. Druin et al., Sov. Phys. JETP
13,913 (1961).
239 -, 15 : ~
Pu 5.5 x 1077 y E. Segre, Phys. Rev. 86, 21 (1952)
.PHZMO 1.2 x-lOll y 0. Chemberlain et al., Phys. Rev. 9k
156 (1954)
1.32 x 101+ vy E. M. Kinderman, Atomic Energy Com-
. : mission Declassified Report HW-27660,
, . : April 1953
242 ‘ 10
Pu (7.06 + 0.19) x 107" y J. Mech. et al., Phys. Rev. 103, 340

(1956)

Jones et al., Knolls Atomic Power ILab-

" oratory Report, KAPL-1378 (1955)

J. P. Butler, lLounsbury and Merritt,
Can. J. Phys. 34, 253 (1956)
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Puzgh

Amzhl
240

Cm

CmZhZ

24k

Cm

Cm2h6

248

Cm
250

Cm

Bk

26

Ct

Ctf

Cf250

Cf252

249 -

248

249

(245 % 0,8)x 10
(2.3 £ 0.8)x10+" y

19 x 106 Yy

Toel X 106 y

Lok x 107y

(2 + 0,8) x 10

{he6 + 0.5) x 106 y

~2 X lOu y

6 x 108 y

>2 X 108 y

> 1ok x 10

?y

7

y

(261 * 0.3)x 10° y

7 x 105 y

5145 x 10%

1le5 x lOQ;y

> L4e5 x 108 Yy

(165%065 )x 10

66 £ 10 y

L

R4

P, R, Flelds et alg, Physe Rev, 100 172 (195%)
. A ‘Druin ‘et al., »ov. Phys. J.E.T.P.13, 869

Ao Ghlorso et alo, Physe -Reve 87, 163
(1952)

Ay Ghiorso and He. Po Robinson, unpub=
lished results (1947); GoCo Hanna et al.,
Physs Reve 81, 466, (1951)

A, Ghiorso et alo, Physo Rev. 87, 163
(1952) |

S, Fried, Jo Inorge Nuc, Chem. 2, 415
(1956)

. JeP. Butler, Te A. Eastwood, HeGo Jack-

son gnd RePe Schuman, Phys. Rev, 103,
965 (1956)

Jeo Huizenga and H, Diamond, Physe Reve
107, 1087 (1957)

A, Ghiorso et alo, unpublished results
(19559.

LoBs Magnusson et ale, Phys. Reve, 96,
1576 (1955) .

TsAe Eastwood et ala, Physo Reve 107
1635 (1957)

' Bo K. Hulet et al,, Phys. Reve. 89, 878
(2953)

Eo Ko Hulet, PhoDo, Thesis, University
of California Unclassified Report UCRL-
2283 (August 1953)

E.K., Hulet, Unpublished results

A. Ghiorso et al., Unpublished results
(1954)
T,A, Eastwood EE al., Phys, Reve 107,

1635 (1957)

A, Ghiorso et alo, Phys. Revo Ok, 1081 -
(1954); P.R. Fields et als, Nature 17k,

- 265 (1954) L¢B, Magnusson et al., Phys.

Rev, 96, 1576 (1954)

LeB. Magnusson et al., Physe Reve 96,
1576 (1954); Ae Ghiorso et al., Physe
Reve 9k, 1081 (195&)
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82+t 6y 'T. A. Bastwood et al., Phys. Rev. 107,
. 1635 (1957)
25k . .
Cf 56.2 £+ 0.7 4 - J. R.~Huizenga and H. Diamond, Phys.
Rev. 107, -1087 (1957)
85+ 15 d B. G. Harvey et al., Phys. Rev. 22;
S 337 (1955)
55 d P. R. Fields gt_e_a_];a, Phys Rev. 102, -
o ' 180 (1956)
60 + 12 d W. C. Bentley et al., Vol. 7, p. 261,
- Proceedings of the International
.Conference on the Peaceful Uses of .
Atomic Energy, Geneva 1955, United -
Nations, New York 1956
253 5 | .
E 3 x 107 y P. R. Fields et al., Phys. Rev. 9k
209 (1954); A. Ghiorso et al.,
unpublished results (195L)
(7T £3)x 10° y Jones et al., Phys. Rev. 102, 203(1956)
E25:L.P 1.5.x 105:.y A. Ghiorso et al., unpublished results
v (1955) '
25k A .
Fm 200 4 G. R. Choppin et al., Phys. Rev. 9k,
S - .1080 (1954) ~
220 £ 40 @ P. R. Fields et al., Phys. Rev. 94, 209,
, ; (1954) - ,
246 a Jones et al., Phys. Rev. 102,203 (1956)
. . p
Fm2_55 . > 60 y. ' “A. Ghiorso et al., unpublished results
| W (1955)
(1.2 £ 0.6) x 10" y R. Brandt, R, Gattl, L. Phillips,SG.Thompson, un-
K published results (1961)
256 oo :
Fm 3'h ‘G. R. Choppin et al., Phys. Rev. 98,
1519 (1955)
254 i .
102 ~ 6 s 'T. Sikkeland, A. Ghiorso et al., (1961)
unpublished
y = years; d = days; h = hours;. s = second.
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ZZ/A is shown in figure 11.30, It is interesting to note thatvif the line is
extrapolated to the region of instantaneous rate of spontaneous fission (i,e.
half-1life of the order of 10'20 seconds)‘the value obtained for ZZ/A is ~L47
which corresponds nearly to the predicted (Z /A im of the Bohr-Wheeler theory.

From the regular spacing of the curves for the even-even isotopes of
the heavy elements it is possible to estimate positions for the corresponding
curves for higher even elements; It is apparent on the basis of this correla-
tion that the longest lived even mass isotope of element 104 will have a half-

| life of about 1 second. In the regionvof element 108 the maximum half-life
will be in the range of microsecondsf

Another useful correlationa of spontaneous -fission half-lives has been
provided by STUDIER AND HUIZENGA96 who revived the KRAMISH197 correlation of the:
ratio of half~lives for spontaneous fisslon and alphe decey versus 2 /A except
that, instead of connecting consecutive alpha decay products,they were able to
show a more consistent felationship by correlating nuclides differing by two Z
units end six A units. The Studier-Huizenga systematics of spontaneous fission
are shown in figure 11.31.

GHIORSO95 pointed out that the measured spontaneous fission half-lives
of Cf?sz, Cf25h’ 254 and Fm256 are substantislly shorter than had been pre-
dicted by the systematics of the above mentioned .types. GHIORSO interpreted this

as additional evidence thst'a neutron subshell is closed at 152 neutrons and
that the nuclear constitution for isotopes with more than 152 neutrons is some-
what different, leading to & much sharper drop in spontaneous fission half lives |
with increasing A. In this connection, it will be recalled that a discontinuity
in alpha particle emergies for the even-even isotopes of californium, einsteinium
and fermium is observed indicating subshell closufe at 152 neutrons, (See for
example, figure 2.6 in Chapter 2),

If this 152 neutron effect is real the predictions of spontaneous-fis-
sion half lives for isotopes of elements 100 and above are markedly influenced.
In figure'll,32 we show Ghiorso's modified plot of the spontaneous-fission sys-

tematics. The half-lives are plotted against neutron number. The vertical

96. M, H. Studier and J. R. Huizenga, Phys. Rev. 96, Sus (1954)
97. A. Kramish, Phys. Rev. 88, 1201, (1952)
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-life variation except in the cases for elements 102 and 10k

wheére the, curves are estimates.



UCRL-9036-Rev.
-105~

line shows the 152-neutron shell and the predicted lines for elements 100, 10z,
104 and 106 show a strong prejudice for the hypothesized 152-neutron shell
effect. This correlation is not completely established.

FOREMAN and SEABORG98 have replotted spontaneous fission half lives
against mass number as shown in Figure 11.33. This plot ihdicates that all
even-even isotopes with.neutron number equal to or greater than 152 lie on the
same straight line so that the spontaneous'fiésion half lives for these .iso-
topes appears to depend only .on the mass number. These authors published some
predictions of spontaneous fission half lives of unmeasured isotopes with atomic
number 100 or greater but doubt has been expressed on the correctness df these

predictions by DORN99 and by'JOHANSSONlOO as mentioned below.

SK/JI‘.L\IEECKI:LO:L has made an important contribution to an understanding of
the rate of spontaneous fission Ey pointing out the great sensitivity of the
decay rate to the finer details of the ground state masses of nuclei. Swiatecki
showed thatﬂany nucleus which had a special stability in thé ground state as
measured agaihst some'smooth reference is invariébly assoéiatéd with a longer
lifetime than that given by a straight line~ZZ/A relationship such as given
in Pigure 11.30 Each millimass unit of extra ground state stability corresponds
to about lO5 times longer lifetime. Swiatecki corrected each expérimenﬁal-half
life, teX , by adding a factor koM wheré k is an empirical factor and dM 1is
the deviation of the ground state mass from the smooth reference mass surface
given by GREENlOZ. Thus, in effect, Swiatecki has an explanation for the
variation of the spontaneous fission half life with A for a given Z and for
the dramatic effect which occurs at 152 neutrons. Figure 11.34 shows the
remarkable smoothing of the data which occurs when this correction is applied.

The success of this correlation leads to the conclusion that the saddle-

point energy surface is much smoother and freer of shell-effects than is the ground
state surface. As the distance between the two surfaces decreases with increasing 2 it

Foreman and G. T. Seaborg, JI'Inorg. Nucl. Chem. 7, 305 (1958).

98. B.
'99. D. W. Dorn, Phys. Rev. 121,1740 (1961).

100. S. A. E. Johansson, Nuclear Physics 12, 449 (1959).
101. W.J. . Swiatecki, Phys. Rev. 100, 937, (1955).
102. A. E. S. Green, Phys. Rev. 95, 1006 (1954).
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Fig. 11.34. Plot of spontaneous fission half-lives against
72/A. The observed lifetimes 7o, occupy the bottom
left-hand part of the figure; the " corrected” values
Texp * kdM group themselves around the three curves.
Experimental points for even-even nuclei are joined by
straight lines. 0dd-A nuclei are designated by special
symbols which, reading from left to ri%ht along the

‘ odd-A curve, refer to U235, Pu239, Bk? 9, Cf2u9, E253
(einsteinium, Z = 99), and Fm@>” (fermium, Z = 100).
The odd-odd nucleus E2o% is marked by a square.

From Swiatecki, Phys. Rev. 100, 937 (1955).
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might be expected that shell effects in the saddle-point surface might becomé:hqmrtanh

DORN99 made s slight extension and revision of'SWIATECKI‘lel prescrip-
tion and recalculated spontaneous fission half lives for nuclides in the region
uranium through element 106. The most significant result of his calculation is
that the undiscovered nuclides above atom1c number lOO are predicted to. have
much longer half lives than suggested by earlier predlct1ons

J. 0. NEWTONlO3 and, later, WHEELER 104 have offered an attractive ex-
planation for the réeduced rates of spontaneocus fission of odd-nucleon nuclides
using the strong coupling approximation of the unified model of Bohr -and
Mottelson. This explanation follows from the gquantization of the intrinsic angular
momentum Q1, of the nucleonic system ebout the symmetry axis, and the fact that
this intrinsic'angﬁlar momentum for the state of lowest energy changes with in-
créasing spheroidal deformation, 6; in the case of odd‘nuclei, whereas for
even-even nuclei the nucleonic state'Q =0 lies'ldWest‘at all deformations.
Thus in the case of evenééven nuclel the top pair of prctons or neutrons can
readjust their orbifs while conserving angular momentum as the energies associated
with the orbital change with increasing deformation. In the case of odd nuclei
a given nucleonic component of angular momentum { can only be maintained during
the change of ortital posit;oh with increasing deformation by introducing
-hucleonic excitatioh energy info_the system at the expense of kinetic energy in
the fission mode. Wheeler makes a rough estimate of thils excitation (which he

terms specialization energy),using Nilsson's curves for. the dependence of

individual nucleon energy upon deformatlon In this manner, Wheeler estimates
sufficient addlulonal actlvatlon energy for fission of odd nuclei to account
on the average for the outstandingly slower spontaneous fission rates for odd
nucleio. v

JOHANSSONlOO has explored the influence of single particle effects in
a quantitative way with interesting results. He considered the energy con-
tributions of specific Nilsson states to the total energy required to deform
a nucleus to the saddle point shape. Some of the orbital energies rise quite

steeply with increasing deformation so-that a single nucleon or pair of. nucleons

103. J. O. Newton, Prog, Nuclear Physics, L, 234-286 (1955).
10k. J. A. Wheeler, "Nuclear Fission and Nuclear Stability", a contribution to

Bohr 70th Anniversary Volume, Pergamon Press, London.
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in such an orbital will soak up more energy than the liquid drop model would
predict for an average nucleon and hence will raise the barrier toward fission.
Some of the orbital energies on the other hand increase more slowly and some
even decrease in energy with the result that the fission barrier is lowered.
The orbital switching effect noted by NEWTONlO3 and WHF_.ELER]'OLF as mentioned
above also plays an important role in lowering the fission barrier of even
nuclei. : | . o
Because of the mathematical difficulties JOHANSSON di&,not.darry out

an exact calculation of berrier heights and shapes by a rigorous,unified model
treatment. Instead, hevcomputed deviations from the predictions of a simplified

liquid drop model treatment. First the variation in barrier height with de-
formation and with N and Z was calculated from the liquid drop model and the
absolute value of the barrier height was normalized to agree with experimeﬁfal
data for uranium isotopes. A single nucleus was chosen.es a reference nueleus
andAealculatiens relative tokit were made for several heavier nuclei. In each
case the effeetvof nucleons in specific Nilsson orbitals in causing a deviation
of the barrier height relative to the barrier predicted by the liquid drop model
was computed. This difference in barrier height was .inserted in a simplified
barrier penetration formula to calculate a\chauge in the expected fission rate.
Nineteen nuclei were treated in this manner and it was found that by this
consideration of specific neutron and proton orbital assignments that all
deviations of these nuclei from the simple ZZ/A dependenee-given byvthe iiquid
-drop model for the half life could be accounted for quantltatively
_The mass number dependence of the fission probability for nuclel of a

given Z, emphasized by figurevll.30 as well as the erratic lengthenlng of
the half lives of odd-A nuclel are accounted for° »

© It is of considerable interest to extrapolate these results to include
heavier nuclei about which nothing 1is known JOHANSSONlOO
problem brlefly and computed a few half llves, He concluded'that the precipi-

considered this

tate drop in half llves ‘with mass number above 152 neutrons which ‘occurs in /
californium and fermium (see Figure 11.30) will not continue as heavier nuclei
are considered. Hence, he predicts considerably longer half lives for the

unknown heavy nuclei than do FOREMAN and SEABORG9 (Table 11. 8) who base their

prediction on the extrapolatlon of Flgure 11.33:
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The estimation of spontaneous fission rates of very heavy nuclei is
fiméortant in research aimed at the synthesis of new nuclei beyond the:limit of
the presently-known elements. Spontaneous fission half lives are. competitive
with alpha decay half lives for the higher mass, even-even isotopes of californium
and fermium and presumably even -more competltlve for higher elements.. 254
decays chiefly by spontaneous fission with a half life of 56 days; the alpha
half life is estimated to be about 100 years. In Fm256
decay is spontaneous fission; the observed half life of 3.5 hours-is much shorter
»than the predicted alpha half life of about 10 days.

“ The rapid shortening of spontaneous fission lifetimes makes it unlikely

the observed mode of :.

that elements beyond fermium can be made in measurable guantities by neutron
irradiation teohniques,'at least not until much.higher neutron fluxes are
’sﬁsilable. Aocording to discussions in previous chaptérs, it is necessary to
reach a mass number of 259 before a beta-emitting fermium isotope is reached.

258 | 260

If the sponﬁaneous fission rates of Fm and Fm are as large as estimated
*‘hvaOREMAN and SEABORG98 most of the atoms of these isotopes will be destroyed
=by thls process before they are converted to heavier isotopes by neutron capture.
Hence it may prove difficult to build up element 101 and higher elements by
:1rrad1atlon of heavy element samples in h;gh flux reactors.

‘{‘FIELDS‘QE gl%oS and BENTLEY‘gE;gl%O6 have discussed the possible use-
fulness of some of the short-lived, spontaneously-fissioning isotopes as sources
of neutrons. Cf252 is attractive for this purpose because it can be made in
appreciable'yield by prolonged neutron irradiation of plutonium or transplutonium
elemenfs}"(This isotope has a neutron emission rate of '3 x lO]'2 neutrons per

 second ﬁer gram. )

11. 3 7 Probabilitx of Photofission and of Fission Induoed by Charged

Partlcles The discussion of photoflss1on thresholds, fission exc1tatlon
functions in photof1ss1on and in charged particle induced fission and in other

characteristics of fission induced in these wayéis reserved for‘Chapter 12.

105. P. R. Fields, M. H. Studier, L. B. Magnusson and J. R. Huizenga, Nature,
17k, 265 (1954). , :

106. W. C. Bentley et al., paper P/809 "Proceedlngs of the Geneva Conference,
Peaceful Uses of Atomic Energy," August 1955, United Nations.
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11.4 DISTRIBUTION OF MASS IN FISSTION

11.4.1 IEEEQ%ESEEQE' The techniques of fadiochemistry led to the
discovery of nuclear fission and have contributed greatly to an elucidation of
the main features of the fission reaction. One of the most characteristic
features of fission is the asymmetric division of the fissiohing nucleus and
for many years our most complete knowledge of the mass division came from radio-
chemical research. HAHN and his co-workers working in Germany during World
War II continued the initial studies 'of HAHN and STRASSMANN107’108 on the
fission product elements. At the same time radiochemists working in the
United States and Canada were making an exhaustive study of these same products.
‘The first goal of this work was to identify the atomic number, mass number, the
half 1life, and the main features of the radioactive decay schemes of the indi-
vidual fission products. ‘A second goal was to measure quantitatively the yields
of the individual fission product chains and, where possible, the independent
yield of the individual fission product isotopes.

The first work on fission yield and the introduction of the concept

109 and his co-workers at Columbia.

of fission yield was due to FERMI

The determination of the fission yield of a specific species consists
of a number of steps.

(1) A measured amount of non-radioactive carrier material of a given
fission product element is added to é solufion of uranium in which a known
number of fission events has occurred.

(2) If it is necessary, chemical treatment is given this.solution to
insure complete isotopic exchange of the stable and radioactive isotopes of the
element. For most elements this consists merely of stirring the éolution. For
somé elements the exchange is incomplete unless certain experimental conditions
are maintained. TIodine, for example, is a fission product element which does

not show complete exchange with added iodine carrier unless a certain sequence

of oxidation and reduction steps is carried through.

107. Hahn and Strassmann, Naturwissen. 27, 11 (1939). -
108. Hahn and Strassmann, Naturwissen. 27, 529 (1939).
109. Anderson, Fermi, and Grosse, Phys. Rev. 59, 52 (1941).



UCRL-9036-Rev

-112¢
(3) The solution is subjected to an analytical procedure to separate
the element from the solution in a state of chemical and radiochemical purity.

'(M)'The fractional recovery of the inert carrier is determined by some

quantitative.analytical method. The chemical recovery of the tracer element is

assumed equal to that for the inert carrier material.

. (5) The radiations of the purified radioelements are measured to
identify the isotopes and to determine the absolute amounts of each species.
Corrections are made as required for back-scattering, absorption effects,.
branching decay etc. Correction is made for radicactive decay from the time
of fission to the time of counting. .

(6) From the counting data, the chemical yield data and the known number
of fission events the fission yield is calculated. The fission yield is.de- '
fined as the percentage of fissions leading to the formation of a measured
product.

It is to be noted that the radiochemical results do not in general
give the independent yield of the specific isotope measured. Usually the
vexpérimentally determined yield is the'cumulétive yield of the specific isotope
including any precursers. waich have undergone decay to the specific isotope

before the chemical isolation occurred

The extensive American war-time studles by the workers in the Plutonium

Project are recorded in Volume 9 of the Plutonlum Project Record.llo In this

three-book set of research papers the chemical methods, decay scheme studies,

counting techniques, and fission yields are summarized. The fission of U 35
2

U 33, Pu239, and U238 are treated. Similar studies were reported by Grummltt

and Wilkinsonlll~from the Canadian project.

Since 1946 the war-time data have been substantially improved. With the
great advances in radiation detection instruments and with more time for careful
study it has been possible to establish more detailed decay schemes for the‘
fission product nuclides, Chemlcal purification technigues and absolute count-

ing also have greatly improved. Furthermore for certain elements the appllcatlon

110. Radiochemical Studies: The Fission Products, edited by C. D. Coryell and
N. Sugarman, National Nuclear Energy Series, Division IV Plutonium Project
Record, Volume 9, McGraw-Hill Book Company, New York, 1951.

111. W. E. Grummitt and G. Wilkinson, Nature 161, 520 (1948).
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of mass spectrographic techniques have made 1t possible to measure the yield of

stable and long-lived isotopes with increased accuracy.

11.4.2 Summary of Fission Yields in Slow Neutron Fission. Several

critical summaries of fiss;o; ;ield studies have been prepared.
reproduce here some tables and curves which summarize the data.
Table 11.8 is a summary. of fission yields and fission chains for slow
neutron fission of U255 as determined by radiometric and mass spectrometric
methods. This table was compiled by Dr. Seymour Katcoffllu and represents a
comprehensive review of all data published by 1960. These same chains of

nuclides appear in the fission of other nuclei but with different yields than
235 ‘ ‘

those given for U

- In the beginning, most data were accumulated by the radiochehical
method but later the mass spectrometric method was used for most of the main
productsf115 Some of the massfspectrometrié measurements of the fission-produced
isotopes of strontium, zirconium, molybdenum, cerium, barium, cesium, and
neodymium were made on an absolute basis by the isotope dilution techn'ique.119
For ruthenium the number of atoms of 1 year Ru106 was determined by absolute
beta counting since a suitable isotopic tracer was not available for isotopic

101 102
2

dilution. The isotopic abundances of Ru™ ~, Ru and Rulou were determined

relative to Ru106 by mass spectrometry. Relative isotopic abundances of fission

112. J. 0. Blomeke, Nuclear Properties of U255 Fission Products, Oak Ridge
National Laboratory Report ORNL-178%, Nov. 1955; see also J. O. Blomeke
and M. F. Todd, ORNL-2127, Aug. 1957.

'113. E. P. Steinberg and L. E. Glendenin, Survey of Radiochemical Studies of
the Fission Process, Paper No. P/61L, "Proceedings of the International
Conference on the Peaceful Uses of Atomic Energy," Volume 7, United
Nations, New York, 1956. :

114. S. Katcoff, Nucleonics 18, 201 (1960) .

115. A review of the application of mass spectrometry to fission yield deter-
minations was published by H. G. Thode, C. C. McMullen and K. Fritze in
"Advances in Inorganic Chemistry and Radiochemistry" Vol. 2, 1960,
Academic Press Inc., New York.

116. W. H. Walker, Chalk River Laboratory Report CRRP 9135 (1960).

117. H. R. Fickel and R. H. Tomlinson, Can. J. Fhys. 37, 916-9%6 (1959).
118. H. Farrar and R. H. Tomlinson, in publication, 1962.

119. Glendenin, Steinberg, Flynn, Hayden, and Inghram, unpublished work quoted
by Glendenin and Steinberg in reference 113.
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. Table 11.8 '
Decay chains and yields from thermal-neutron fission of U 35.

Prepared by Dr. S. Katcoff from data available to 1960;
-~ 'Reprinted from Nucleonics 18, 201 (1960). Copyright 1960
McGraw Hill Publishing Company Inc.

Undéflined numberé'give.eXperimental fission yields.  Last fission
yield along any chain usually represents fotal chain yield. Lower values
for ylelds of earlier chain members may be caused by (l) direct formation
in fission of later chain members, (2) chain branching, (3) experimental
uncertaintyQ Latter éccounts for cases where early chain member has higher
yield than léter_onec Where branching occurs, arrows are shown only for decay
modes observed experiméntally;:fraction,in eaéh‘branch'is given where known.
Parehﬁheses indicate nuclide probably occurs but has not been observed.

Refefeﬁces for fission yields are cited following chains.



A

4.

77,

78,

8.

~115-

47-h Zn’?—= 14.1-h Ga’? —« stable Ge’?

- _Léx1g°3

(2-m Zn.”) — 4.9-h Ga’3 —e stable Ge73
1.1x10°4 - S

7.8-m Gn”-—-o- sgable (;e”
0.00035

— stable Se" :

11.3h Ge””
0.0031

21h Ge'P'—e 91.m As7¥ e stable Se’®
0.020 - 0.020 .

Yn

9.0.m As Y
0.056

/ t.sojm Se”

‘ 6 x loi-\' s¢7 e 'stablt~ B9

57.m sef!™
0.0084

l '/s(able Rtsi
“18.4.m Se®'!
0.14-

(1.2

(2

- (6%)

(3,4

(6)

UCRL- 9036 Rev.



-116- UCRL-9036 Rev

' 114-m K83m
. 2
P w 83/
1<0.10 2.4-h Br (7-11)
4 0.5
:\ 83/ —_

25.m Se _ stable K83
, 0.22 0.544
6.0-m Br®*
0.019

stable Kr34

(9-12,63)
1.00 :
3.3msSed —o 31.8-m B84
0.92
4.4-h KeB5m2,
<
39-s Se8%—e 3.0.;m B8S - o2z stable Rb®S (9 17 63
~1.1 1.30
o 10.6-y Kr“/
- 0.293
stable K36 (9-11)
2.02

~ gStable Kr86
/09 + neutron

168 Se(®7)__ 54.5 5 B _ (9,15,63)
-2 ) ’
- e 78-m Kr®"—e 5x10'%y Rp®7

2.49



UCRL-9036 Rev

To117-
0'\ 78-m K87
“+ neutron
' 88. 16.1s Br® \ . (9.13)
A VY XY x:“ — 17 8-m Rb“-—-—-— stable §e88
| cam
\s 2,80 Ke®®
. + neutron
89. 4.4.% Br \ ‘ o _
o % N3.2.m xr”—— 15.4-m Rb“——
459
6-5 Y89m

f°/ ’ A
i - C(14,16,17)

%0 S.d §¢%9 e
&1 °x
‘ %0, " stable Y”

o 3.2-m Ki®®
—0/\/‘ neutron
90.  1.6-s B°?) ' .
s 33—s Krgo — 2.7-m Rb° %
| 50 . o
28y- Sr%0 —= 64.3.h YOO —= stable Z9° . (9,13,14,18,19)
B 91, : 10-s Keo! 72.s RpO! —e 9.7-h S0}
3.45 - 5.43 - . 5.81 :
—— . . V v ‘ . . "',_""_" o 'o
. . \\’o/ . . .
: ' (13,14,17,18, 19)

*Wstable 7%}

5.84
58-d Y"‘/
-5.4 |



118- UCRL-9036 Rev

92, sosxr”._. s&st"’—ozns:

l 87 83
3.6-h Y2 —o stable Z¢%2. : (13, 14,20)
: 6.03 - :

93, 2.0-s K3 —= s 5 s Rb” —_— 7. 9-m 5t93 e 10 3h v°3—-
048 i al R A

12.y NHOI™
- b
1.1x 105y z:”\ BN . (13,14,62)

6.45 N

N

. \
o . stable Nb33

94, 1.4sK®* —e= 2.9.s Rb®* —= 1.3-m S1°% e

0.10
20.m Y4 stable Z:%* - (13,1421)
54 T 640

95 sf;ort Ke2* — '(short Rb) -—>4OS L S l@m Ygs——

0.007
g %R Npo3m
0'\-.._2‘ B B ey L. B S . R
65d Zr ST o stableMo® T (13,14,22)
2 ONC. 44 6.27
T TN 354 NbTP -
196, Fstable Zr%8 }*f ' (13)
6.33 BN :




-119- UCRL-9036 Rev

97. (short Kr97) = (short Rb) =——e (short Sr) — (short Y)=o

‘6:'0'
/60-s Np®7m |
17.0-h Zr 1 stable Mo®T . (13,14.16,22)
_2’_2 6.09 Lo :
73m Nb97 -

‘ .. : ~60-5 Z%% (short Nb”}\-
K T ~ Nstablemo®™® R (T
‘ a L 5.78

52.m Nb°8 i

0.064

. . . Y
9. 335 2% —= 2.4.m Nb* —= 66.5-h Mo®? =

2o

6.0-h Tc29m

stable Ru®® . (16,23)

2.1x10%y T‘c‘?"/ R

100. ©3.0-m Nb190 stable Mo!00

- (13)
6.30 '

101, 1.0m Nb'%'ee14.6-m Mo!0'—e 14.0:m Tc‘°‘ stable Ru'®! (13,24
| 5.6 - 5.0

-



120- UCRL-9036 Rev

7 4lm T2

102, u.sm'syo‘“-’/' \ stable Ru102 " (13,24)
~4.3 \ 4.1 ‘

C — 5q ch102/'. —_—

Jo.qqs: 57-m RthJM

103, 1.2.m Te!% o 39.7.4 Ru103 o (25)
o 3.0 oy

o ) . L -
X gtable Rhm“

104. (‘2.5-"! .\10““) — l:&m rc,‘°4 — stable R;lo‘ . (13) »

1.8
105, (<2mMo'®%)— om TS o 445p Ru!0S
" 38-5 Rp1OS™.
3§.h Rh105 o stable P40 - (24,26)
L g .
106. 1.016)'3!;11 e 295 RRIOS stable Pq'06 (13.25)

: 455 R} 107m

\ 22-m Rh1O7

0.19

- 7x10%y PA107 o giable aglo? (27)



-121- UCRL-9036 Rev

108, (<lom Tc!%%) — 4.3m Ru'%% —o 18-s Rh'® o' stable P41

9_5'“109..

109. ‘~2s-s Rh‘°°-..- 13.4-h Pd‘°° o ', (28)
. 0.0 .

: stable Agm’

.0\ 5.$h Pd)llmﬁ--.l74's Aglllm
Loy’ - \ . A

. : ) 1 o .
Nl (short RA'MYy - . 70.75 \\, : (28)
\M ' /2 N ol
o 23.m Pd}!l——=7.6-d Ag!! s stable Cd
0.019
M2, 21h P2 —= 320 Ag!!? —= stable cd'1Z T (23,29)
0.010 S

1.2-m Ag“3m
N3 Lém Pd”3\ stable Cd‘”

5.3h Ag “3 |

Na. 2.4-m P31 —= 55 Ag''* —= stable cd'



4.51.h |t 5m

N6 €30-s Pa'® = 251 AgM o crabte caltS
3.0-h Cdll7m
- / 0.0
<€30-s Pd'!7 o 1 1im AR!!T T
nz. m R \ 1\>0.60
“50.m Cd1p7'
X - 0
2-hln“'"’”——()’ll4-d Sptt7m
10.22 \
70-m I F R — stable $n'!7
2.9-m cd!!?
119,

10-m cdtt?

~122-

0.0007

>

IN2m At — Tsp gt

- 0,91
0.0077 ° 0.0097

———

0.95 " N stablesnl!s

o 17.5m In' 12 o gtable §alt9

SR1L-9036

,
o

43.d cg!'ism

(30)

(31
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5y spl2tm
., - ‘ stable sb!2! | o _ (32)

1

27 5-h sn'2!
0.015

. (40-m Sn'2%

123 o stable Sb'23 : ' (33)‘l ’
136-d sa!237 | | |
0.0013
SOEmSlI o s8d Te!2Sm
) . . 0. ‘. . . “l . " . ."'
1. /2.‘o-y spl2s = L (34-36)
| o 0.021 \ R X
125 _ = 5 N
9.6-:08;13 : : %\ stable Texizs_t '
- 2#19-m sbl26m o
. . '0/ .
‘26. 2x105_y Snlzvé: ! 0.99 s(ab]e Te126
12.5-d Sp!'2®
105 Te!?7m
0'5} 0.035 ‘ ?o,;
' 0.13 2\ , _

9.3-h Tel27
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oLw 10.3.m sp'28
Q- .

128.  57.m sn128

stable Te!28. - (27)
0.37 o-o ' -
— B4 128 -
9.8-h Sb
0.05
v 37.4 Teno'm
yo.as
S/ »
129, 4.6-h 5b!25, 1.7%107.y 1' o stable xe}2® (37,39).
: °-¢, _ 0.8 a ‘
72-m Te!?9 . :
122 2.6msn!30 —= 7.1-mSp'0 e stable Te!30 (¢0)
e .
30-h Te!3!m 2
) &,
oy' 0.44 X
Bl 34msn'd e 235 5! 1 '10.20 .
R X4 O.QX\ '
e g 131
_ 24~m Te
- y R
y 12~d Xe m
. Q
8.05.4 1'3! 1 - (11,28,37,
31 %N\ , 40,41,44)
v stable Xel_:“
2.93
132 2.2@ '3 e 20im 55132 —e 774 1! B2 —
o 4.7
2.30-h 1'32 o gqaple xe! 2 (11,37,44)

4.38
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§2.m Te!33™ o -~ o
0 N8, ..
/4 9 & o oy
133 4.emsb'33 0.13 20.8.n 1133
' 4.0 "\ ~69 °
2.3-d Xe'33m
[ . stable Cs!33 L (9.37,42,44)
' o 6.59 - . .
$.27.d Xxe'33 -
6.62
134 ©(50-8 sb”‘) — 43mTe' e S2.5m1'
69 . ‘7 (]
stable Xe!3* (11,37,43,44)
8.04 : ‘
» | 1s L xe!3Sm
135, (<0.5-in Te!3%) —= 6.7.h 1" ﬁ 1
R} q
h Xe /
6.3
2.6x10%y Ccs'35 o stable Bal3% o : , (9.37.42» L
6.41 o L a5
136. 8651136 —+ stable Xe!3 v : (11,48)
3.1 6.4 | ,
stable Xel:“5
037" + neutron o
137, 2445117 ' P 2.57-m Ba 137m - (5,49)
: . [7) R
o ,

3.9-m Xe! 37— 3.y Cs137
600 615 %05 giable Bald
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6.01
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" o 3. 9-m Xe137
. .«/o neutron
138. 63-51”8 (13,50)
) : ,
o :
C M 7w Xe' P e 32,20 Cs'38 —= stable Ba!38
549 54
o 17-m xe138
/0/"» neutron
139. 2.0.s 1‘3
TN 4lis xel30 9.5%m Cs”_o-—’
54 647
83m Ba”g—o stable La”g ‘ B L (14,16,17)
6.55 . :
140. 165 xe""-—c— 66-s (_s“o ‘e 12.8-d Bal40___
38 Lo80 6.35 |
40.2-h Lalﬂo—-—:- ;tabie Ce“o E ,' Lo (14,16,51,
6.35 < . 6.44 52,65)
14 175 xe!*! v 255 Cs') un 18 Bt
1,33 46 6.3
38hLa'*!' —= 334 Cel! e stable Pr‘“ (14,17,53,54)
6 4 ~6.0 o
142. ~1.5s Xe'*?—a <85 Cs'4? —u 10-m Ba't? o
0.35 o
8l-m La‘”—— stable Ce!42 ' - (9,13,55,66)



143.

144.

145.

146,

147.

148.

149,

150,

151,
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13

1-s Xel*3—=(short Cs)—* 173»s B‘a-—' 18mLa'Y’w

0.051 o
33h Ce!*3 —=13.7.d Pr'*3 — stable Nd**?  (9,13,14,55,65)
6.0 6.03
short Xe'“-—-o-.(short Cs)~—+ (short Ba) == (short La)—e
0.006 |
280.d Ce!'** —= 17.4-m Pe' 44— 5510' Sy N (g 17.14.65)
-6.0 : 5.62 -
3.0-m Ce!45 —= 5.96-h Pr!*5 — stat;le%l'it‘,!“S . (9,13.65
13.9-m Ce"(’;—;; 24.4m Pr?‘G-—-—o stal;le(:);ldub ' (9.13,65)
1.2mCe!* e 12.0m Pr'*7 —e 11.1.d N¢' V&
-2.7
2.6-y Pm147—e 1.3x10'1.y sm147 (9,56,65)
2.36 :
40.s CCHB-——’ 1.95m pe'*? o stable Nd“8 (9.13.65)
RA
(2.0-h Nd'*%) —= 53.1.h Pm'*% —= stable Sm'*° (9.56.63)
: 1.13
_stable'Nd!'3° ‘ (9,13,65)
0.67
(13m Nd'®!)—= 28.4-h Pm' 3!} —=80.y sSm!5! —estable Eu'®!  (9,65) ‘

0.44



152,

153,

155.

156,

157.

159.

161,
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stable Sm!52 o (9,65)

0.281
47-h Sm'53 —« gtable Eu!S3 (28,57,65)
0.5 . -0,169 o
stable Sm!54 : (9,65)
0.077
24-m Smlss-—o- 4~y Eul ‘5___’ s(gblc Gdlss . (53.59'65)
0.033 0.033 -
9-h Sm' 30— 15 4.4 Eu' SO o grable gl 56 (28,57,59)
0.013 0.014
15.4-h Eu'®7— o stable g4'57 ' (60)
0.0078
60-m Eu'38 — o stable Gd!8 ’ (60)
0.002
18.0-h Gd'%%—« stable TH!%? : ‘ (57,61)
0.00107
(3.7-m Gd'®Y) —« 6.9.4 TH'6! o grable Dy'6! (57.61)
: 7.6x10°%

82-h Dy'®® — 27.3.h Ho'%6 o (able Er166
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produced krypton, xenon, and cesium (references 120, 121 and 122) were nor-
malized to the data of reference 119.

These mass abundances were chverted to fission yields by imposing
the criterion that the sum of all yields be 200 percent as expected theore-
tically for binary fission. Radiochemical data for mass numbers not determined
mass spectrometrically were used as an aid in the summation. In general, the
U 235 fission yields of Table 11.9 which are based on radioactivity measure-
ments are cons1dered reliable to 10 to 20 percent although the uncertalnty
in a few cases may be only a few percent. The values. based on mass
spectrometry‘are believed to be somewhat more accurate and are considered
reliable to about 5 percent. Values for total chain yields are plotted
as a yield-mass curve in Fig. 11.35.

Fine structure is clearly .indicated by the mass spectrometric data
in the regions around mass 100 and mass 134. This effect is ascribed to
the influence of closed neutron shells in fission and is discussed below
in Section 11.4.3. Here we wish to describe only the broad features of
the mass yield curves.

An 1mportent new set of fission yields was determined by FARRAR and
TOMLINSON 118 in 1962 by mass spectrometry. In this work the relative
abundances of the isotopes of cesium, barium, cerium, neodymium, samarium
and europium were first determined separately. Then in an another set of
measurements the relative abundances of the isotopes of neighboring pairs
of elements were related by means of a paif of isobars. For example the

relative yield of CelbrLL to the other cerium isotopes was measured in a

120. H. G. Thode, Nucleonics (No. 3) 3, 1k (1948).
121. J. Koch, et al., Phys. Rev. 76, 279 (1949).
122. D. R. Wiles, et al., Can. J. Phys. 31, 419 (1953).
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MASS NUMBER
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Fig. 11.35. Yield-mass curve for fission of U235 induced by slow
neutrons. Curves plotted from "Best" values taken from
literature by S. Katcoff.
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Table 11.9 5
Absolute yields of the heavy products from U 3 thermal neutron fission

Mas ) . __Absolute fission yield

ass N o\ I ,

Chai Element Walker ~/ Katcoff“'7 Ste il’lberg l"etrusﬁ Farrar ;

ain 81 , ? : 5)
Glendenin et al. Tomlinson

117 cd 0.010 0.0I1 ~ 0.010
118 - 0.010 ‘

119 0.011

120 0.011 -

121 Sn 0,012 - 0.015 . 0.01k

122 : 0.013 .

123 0.01k4 0.013 - 0.01k

124 .0.017. :

125 Sb 0.036" -~ 0.021 0.023

126 Sn 0.10° _ ‘ 0.1

127 Sb 0.25 ' 0.25

128 0.50

129 I 1.00 0.8 1.0

130 - 2.0

131 Xe 2.9 2.93 ¢ . 2.9 2.92 L 2.93
132 Xe L30 4, 38 4.3 4,37 4,38
133 Xe (Cs) 6.5 6.62 6.5 6.59 . 6.62
134 Xe 8.0 8.06 7.5 8.03 8.06
135 Cs 6.4 6.41 6.3 6.41 6.45
136 Xe 6.4 6.46 6.2 6. 44 - 6,47
137 Cs (Ba) 6.0 6.15 5.9 6.15 6.17
138 Ba 5.8 5.74 5.7 , 6.68
139 Ba 6.4 6.55 6.2 : - 6.42
140 Ba (Ce) 6.4 6.4k 6.4 6.33 6.25
141 Ce 5.8 6.0 5.7 , 5.73
142 Ce 5.9 6.01 5.9 6.03 5.80
143 Nd .. 5.9 6.03 . 6.2 5.80 5.71
1l ce (Nd) 5.6 5.62 6.0 5.39 ©5.30
145 Nda 4.0 3.98 4.0 3.86 3.80
146 Nd 3.1 3.07 3.2 2.93 2.89
1h7 N4 (Sm):2.6 2.36 2.6 2.38 2.16
148 Nd 1.7 1.71 1.8 1.63 . 1.61
149 Sm~- 71,3 - 1,13 - 1.3 1,13 . . 1.02
150 Na 0.70 0.67 . 0.71 0.64 0.628
151 Sm 0.45 o.hh - 0.45 0.399
152 Sm '0.28 0.281 1 0.285 0.260
153  Eu 0.14 0.169 0.1k o 0.148
154 Sm 0.08 0.077 ' 0.077 0.0724
155 Eu 0.03 0.033 0.031

156 Eu 0.015 0.014 0.013

157 Eu 0.007 7.8:x 10°3 7.4 x 1073

158 Eu 2 x 1073 2 x 10'3_3

159 cd 1.1 x 1073 1.1 x10

160 ‘

161 Tb 7.6 x 1072 7.8 x 1077

W. H. Walker, Chalk River Report C R R P 913 (1960) 16.
S. Katcoff, Nucleonics 18,201 (1960).

E. P. Steinberg and L. E. Glendenin Proceedings of U N Conference on
Peaceful Uses of Atomic Energy 7 , 3(1956).

J. A. Petruska, H. G. Thode and R. H. Tomlinson Can. J., Phys. §§1693 (1955X
H. Farrar and R. H. Tomlinson. To be published Can J. Chen, 1962.

V&= W
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sample some weeks after irradiation in a reactor i.e.,in a time short compared

to the half-life of 285 day Celuh; its granddaughter Ndlm’r

to other neodymium isotopes in a 16 year old sample of fission products. . This

was measured relative

method of interqalibratioﬂ of fission Yields in neighboring elements cuts out

many of thevsources of error present in previous intercélibrations.
The new results of FARRAR and TOMLINSON are listed in Table 11.9 and

there compared with previous tables df y'j.el'dsv~ There are some significant
differences from the earlier data quoted in Téble 11.9. For example the
yield at mass 138 is raised to 6.68 from the previous value of 5.T4 percent.
Figure 11.36 shows the heavy peak as reported by FARRAR and TOMLINSON. Thé

precision of these results is believed to be of the order of 1 percent.
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8.0
7.0

6.01—

FISSION YIELD (%)

o
o)

2.0

I T N R (N S I I A b
30 34 138 142 146 150 154
, MASS

MU.26178

Fig. 11.36. Yields of fission products in the heavy peak --
thermal fission of U235, Results of Farrar and Tomlinson.
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Fission yields for the fission of Pu239 are listed in Tablé 11.10
taken from KATCOFF'S review paper. The mass yield curve is shown in Figure

11.37. Most of the better data in this case have been measured by Canadian
' .- . . . . . 115,117,12Q123,
workers by the mass spectrographic technique of disotopic dilution.

12k,125 See particularly the paper of FICKEL and ToMLINSONSYT A number of
239

Russian workers have also contributed to the determination of Pu fission

yields.126-128 Some. of the very heavy rare earth products were analyzed by

radiochemical techniques by BUNNEY and CO-WORKERS. 2

Fission yield data forvU233 are also summarized in Table 11.10 and

Figure 11.37.

123. D. M. Wiles, J. A. Petruska and R. H. Tomlinson, Can. J..Chem. 34, 227 (1956 ).

124, XK. Fritze, C. C. McMullen end H. G. Thode, Paper P/187, p. 436, Volume 15
Proceedings of the Second U.N. Conference on the Peaceful Uses of Atomic
Energy, Geneva, 1958. |

125. W. H. Fléming and H. G. Thode, Can. J. Chem. 3k, 193 (1956).

126. L. M. Krizhanskii and A. N. Murin, Soviet. Journal of Atomic Energy (in
English translation) 4, 95 (1958).

127.  .L. M. Krizhanskii, Ya. Malyi, A. N. Murin and B. K. Preobrazhenskii,
Soviet Journal of Atomic Energy 2, 33% (1957).

128. M. P. Anikina et al., Paper P/2040, p. 446, Volume 15, Proceedings of the
Second U.N. Conference on the Peaceful Uses of Atomic Energy, Geneva, 1958.

129. R. Bunney, E. M. Scadden, J. O. Abriam and N. E. Ballou, Paper P/6Lk,

p. 44l, Volume 15, Proceedings of the Second U. N. Conference on the
Peaceful Uses of Atomic Energy, Genevé, 1958.
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References for Table 11.10

o U233. Yields from U £33 for stable and. longer—llved radloactlve
nuclides are derlved from D. R Bldlnostl, D. E. Irlsh R. H Tomllnson,f
Chalk: Rlver Symp051um on Nuclear Chemistry, September, 1960 M P. Anlklna
et al. in "Proceedlngs of Second International Conference on the Peaceful
Uses of Atomic Energy," vol. 15, p. 446 (United Nations, New York, 1959);

E. P. Steinberg et al., Phys. Rev. 95, 867 (1954); W. Fleming et al., Can.

J. Phys. 32, 522 (1954); E. A. Melaika et al., Can. J. Chem. 33, 830 (1955).
.Radioehemically determined yields: D. C. Santry, L. Yaffe, Can. J.

Chem. 38, 421 (1960); R. M. Bartholomew et al., Can. J. Chem. 37, 660 (1959),

E. P. Steinberg, L. E. Glendenin, in Proceedlngs of .First, Tnternational

Conference on the Peaceful Uses of Atomic Energy,"vol. 7, p. 3 (United Nations,

New York, 1956).
U235. See reference for Table 11.8.

3u239, Yields from Pu239 for stable and longef—lived radioactive
nuclides are derived from H. R. Fickel, R. H. Tomlinson, Can. J. Phys. 37,
916, 926 (1959); K. Fritze et al., in "Proceedings of Second International
Conference on the Peaceful Uses of Atomic Energy," vol. 15, p. 436; M. P.
Anik;na et al., op. cit.; D. M. Wiles et al., Can. J. Chem. 3&, 193 (1956).

Radiochemically determined yields: L. R. Bunney et al. in:
"Proceedings of Second Internaticnal Conference on the Peaceful Uses of
Atomic Energy", vol. 15, p. 44k4; R. M. Bartholomew et al., op. cit.; G. P.
Ford et al., LA-1997 (1956); E. P. Steinberg, M. S. Freedman in "Radiochemical
Studies: The Fission Products," C. D. Coryell, N. Sugarman, eds., NNES IV-9
1378 (McGréweHiil,-New York, 1951). '
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From an examination of the tables and curves showing the mass yield
A L2350 239 o233 L. . ' . S
data tor U7, Pu. and U . it is apparent at once that the heavy element
nucleus does not sp]jt into two equal pieces. The two fragmente have & mass

- " - 235 .

ratio of 1.h6 Jn tho case . of he mo%t prohable mass split in U 3’. It is also
clear at a glanceAthat he f] ssion prOCQSD does not producp a unique pair of
Fra~ments. In any individual f]SSlOn event it cannot be predicted which paiwv

3

off products will Dbe formed; nudlides ranging in mass from 72 to 161 and in
atomic number ffoﬁ 30 to 65 have been jdentified anong the fission products.

The preponderance of asymmetricvfissidn compared to symmetrical. fission
is Crequently expresoed in terms of a peak-to- trough ratio defined as ‘the ratio
of the fission yields correspondlng to the two-maxima in che mags distributim
and the fission yle]d at the: minimum which occurs at the mass value corres ponding
to a symmetric split. The pealk ~to-trough ratio is greatest for spontaneous
fisgsion, next’gréatest for fission with neutrons of éeleqted resonance eneryy,
slipghtly lower for’leW'neutron fission and markedly lower for fission induced
by high energ y neutron ‘(Mev range). For fission with hlgh energy neutrons
(T@n@ of Mev) and partjuulally for fission 1nduoed by charged particles symmetric
fission becomes much fore probable and dn some cases bacomes predominant. This
is discussed fully in Chapter 12. The peak-to-trough ratio and certain other
characteristics oi'the nass distributions for various fissile nuclides are
tabulated 1n Taulp 11.11,

The sum of the values for the most probable mass numbers in the light
and heavy peaks does not equal the mass of the initial heavy fissioning nucleua
because of the neutrons emitted by the fragments. The difference of the two
sums is the average number of neutrons, 3, emitted in fission. This quantity
can be evaluated with much greater accuracy by direct measurement of the
neutrons-themselvés as discussed in Section 11.7.

A principal effect of the increase in mass of the fissioning nucleus is

10 cange & shift in the light mass peak to higher values, the heavy mass peak re-
mainin; fixed. In some instances this rule has been taken as a guide in estimat-
ing the;mass.of the fissioning spacies in a complex reacting system. SWIATTFK113)
has_shbwn from'vefy general arguments based on the liquid drop model why this
should be so. He has presented the correlation between asymmetry and the para-
me ter ZZ/A given in Fig. 11.38, a correlation which should be useful for
predictive purposes.
1305.° W. J. Swiatecki, Phys. Rev. 100, 936 (1955).
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Table 11.11
Comparison of Mass Distributions
Most probable Mass Ratio of most Ratio of
mass number  width probable masses peak to
Fissile - Type of Light Heavy at half in heavy and trough
nuclide fission group group height 1light groups yields
232
Th " Fast neutron 92 139 1k 1.51 115
(fission spectrum)
u?33 Slow neutron 94 138 1k 147 ~U50
2
y?32 Slow neutron 95 139 15 1.46 650
U238 Fast neutron 98 139 16 1.42 200
(fission spectrum) '
pu?39 Slow neutron 99 138 16 1.40 150
5 :
Cm k2 Spont. fission 103 136 16 1.32
cr2o? Spont. fission 108 139 16 1.29 ' >600

This table may be compared with Table 11.22 which lists fragment energies and

fragment mass ratios derived from fragment ionization measurements.,
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11.4.,3 Closed Shell Effects énd Fine Structure in the Mass-Yield Curve,

The early radiochemical investigations indicated that the mass-yield curves
were rather smooth and there was no indication of fine structure "spikes" in
the double humped distribution. Whenever a deviation from the smooth curve -
was found, further investigation usually revealed some error in the measurement.
Some perturbations in the yield-mass curve are expected as a result of delayed
reutran emission’, but the total effect of the delayed neutrons cannot be large
as there are only 1.58 delayed neutrons per 100 U'235 fission events., However,
since these are emitted from a few nuclides, they can give rise to noticeable
local effects. ' ,

The first work which established the existence of large deviations
from a smooth mass curve was the accurate mass spectrometric analysis measure-

131-133

ments of THODE and co-workers of the abundances of krypton and xenon

isotopes'produced in U235 fission. 1In particular, the yield of Xe134 was
about 35 percent higher than had been expected. Radiometric determinations
by STANLEY AND KATCOFF-3* of the yield of T30 in the fission of UZS3, U3,
and Pu239 also establiéhed a major departure from the smooth curve,

Since these isotopes lie close to the 82 neutron shell the explana-
tion of the anomalous yields was sought in specific shell effects. Shell
structure could influence fission yields by (l) specifying a preferenqevin-the
fission act itsélf for fragments:with a clésedwshell of neutroné or protons or
(2) by causing additional boil-off of neutrons from fission fragments having '
one neUﬁr@nﬂin\excess of @ ‘closed shell or (3) by causing a decreased boil-off
"3f ‘neutrons from fragments having closed shell of neutrons. GLENDENIN135
prdposed'the second of these two alternatives to expléin the anomalous yields

in the 133 to 135 mass number region. This postdlate of additional prompt
neutronvemission (beyond the usual number emitted from every fragment) would
result in perturbations in fission yieldé near closed shells since‘the loss
in yield from a given chaiﬁ would not always be exactly compensated by a gain
in yields from the chain one higher in mass number. Calculations based on
this mechanism and utilizing the primary yields along fission chains as given

byvthe‘charge distribution function (Fig. 11.46) indicated 'a fine structure

pattern for the krypton and xenon istotopes and an abnormally low yield.

131. H. G. Thode and R, L. Graham, Can. J. Research 25A, 1 (1947)
132. MacNamara, Collins and'Thode,'vPhys."Rev° z@, 129 (1950)°
133. R. K. Wanless and Hs G. Thode, Can, J. Phys. 33, 541 (1955).
134, C. W. Stanley and S, Katcoff, J. Chem. Phys. 17, 653 (1949).
135. L. E. Glendenin, Phys. Rev. 75, 337 (1949).



UCRL-9036. Rev.’

_144_‘ﬁp

for 1136_in qualitative agreement with experimental observations. .

PAPPA8136 extended the GLENDENIN hypothesis by arguing from.neutron
binding energy systematics that prompt neutron emission should be extended to
_include the third, fifth and perhaps the seventh neutron outside the glosed_shell,
This post-fission, shell-influenced, neutron-boil-off effect runs into difficulty
however .in explaining other fission yield data. K requirement of the. hypothesis
is that any increase in yield of certain mass numbers over that ¢xpected from
the "smooth curve" should be counterbalanced eXactly by dips in the observed
yields for higher-numbered mass chains. These dips have not been observed.

WILE8137’138, for example, found a high yield for Cs;33’l35’137

and for other

products for which a low yield was expected on the basis of the GLENDENIN hypo-

thesis. (See also the comments of H, FARRAR AND R. H. TOMLINSONlls on..this point.)
In the years which have elapsed since these earlier publications on

fine structure much more detailed infofmationfhas been collected on the variation

of neutron emission probability with mass number of the fragment, . This new in-

formation requires somevmodificétion of the earlier hypotheses. In this connec-

tion we cite the discussions of TERRELL139 in section 11.7 below., In figure

11.89 of that section we note that there is a strong variation in neutron emission

probability with mass number and that neutron emission drops to zero at the

shell edges corresponding to N or Z equal to 50. By detailed calculations

TERRELL has demonstrated that the pronounced structure in the final (radiochemical)

mass yield curve can easily be generated from the relatively smooth prompt mass

yield curve (determined from time-of-Flight data as described in section 11.6.3)

provided only that there exist Slight changes in neutron emission probabilities

from mass to mass. The sharp,peak in the final mass curve at mass 134 is easily

accounted for by a slight change in the slope of- the V values seen in

heavy
figure 11.89 at about mass 136. TERRELL does not rule out fine structure effects
in the act of fission; he does conclude that the observed fine structure effects

can easily be accounted for by slight neutron emission variations.

136. A. C. Pappas, Laboratory for Nuclear Science, M.I.T., Technical Report No.
63 (September 1953). '

137. D. R. Wiles,‘Thesis; McMaster University, Hamilton, Ontario, Canada
(September 1950). :

138. Wiles, Smith, Horsley, and Thode, Can. J. Phys. 31, 419 (1953).

139. J. Terrell - "Neutron yields from Individual Fission Fragments" to be sub-
mitted to Physical Review 1962. ‘
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WILESl37’138 suggested that the anomalous fine structure in fission
must be caused, at least in'part, by the favoring of fission fragments with 82
neutrons in the fiséion act itself. According to WILES' hypothesis nuclides with
82 neuﬁronsvsuch as Sb133, Tel3h, 1135, Xel36, and Cs137 would be expected to have
an increased\independent yield due to selectivity in the primary fission act,b
Furthermore, due to the high binding energy of the last neutron the post-fission
boil-off of neutrons would bé low for such species., An impqrtant consequence of
this hypothesis is that the high yield of these species must be reflected in the
complementary fragments in the light mass region. Fission yielad deterﬁinétions in

134 1135 136

the mass region 99 te 101,the region complementary to Te , and Xe s

shduld establish if such a selectivity is involved in the fission act. GiENDENIN,
STEINBERG, INGHRAM, and HESSlho looked for this "reflection peak" among the
isotopes of molybdenum and zirconium and found abnormally high yields in the mass
region 98 to 100, Molybdenum-100 in particular was found to be high by over LO
percent, .There is no reasonable basis for a preferential neutron boil-off effect
fbr this mass region so it is quite likely that the high yields here are strictly

a consequence of high yields for the 82-neutron nuclides in the heavy fragment.

Further evideéence for a shell preference in the fission act comes from
, .of fission 141
a study of the velocity distribution/fragmentss LEACHMAN and SCHMITT measured

the velocity'distribﬁtion of fragments slowed by passage through absorbers and
detected fine structure in the velocity distribution of the fragments from U235°
No fine structure was observed for unslowed fragments within the energy resolution
of their experiments., The later velocity measurements of MILTON AND FRASER did

reveal fine structure in the velocity distribution of unslowed fragments. .See
Figure 11.63 and the discussion in section 11.6.3.
A careful study of the yields of krypton isotopes has revealed abnormal

yields in the region of the 50-neutron shell. This work, carried out by the mass
spectrometer technique by WANLESS AND THODE!33, and by FLEMING, TOMLINSON AND
THODEth, showed small fine structure effects in the neutron-induced fission of

UZBS, U238, and U233. KAPLAN and CORYELLllB also looked for fine structure effects
in the yields of krypton isotopes in several fissioning systems. Preference for

a 50-proton configuration in the fission act has been proposed by WILES and
CORYELLLYY on the basis of radiometric studies of 15 Mev deuteron induced fission

of U235 and U238° The influence of the 50 neutron or 50 proton

1L0. Glendenin, Steinberg, Inghram, and Hess, Phys. Rev. 8L, 860 (1951).
141. R. B. Leachman and H, W. Schmitt, Phys. Rev. 96, 1366 (1954).

142, Fleming, Tomlinson, and Thode, Can, J. Phys. 32, 522 (1954).

143. M. Kaplan and C. D, Coryell, Phys. Rev. 124, 1949 (1961).

14k, D. R. Wiles and C, D. Coryell, Phys. Rev. 96, 696 (1954).
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shells is much harder to observe in yield studies than is the influence of
the 82 neﬁfroﬂ sheil, because the nuclides.which are affected all lie in a
mass region Wheredthe”normal chain yields are changing rapidly with mess.
Even so, the observed structure is quite small and perhaps may be completely
accounted for by delayed neutron emission of one or two fission products
above the 51 neutron shell.

The generally accepted conclusion is that the fine structure effects
in the slow neutron fission of U 23> are partially accounted for by shell-
preference in the fission act, but that there is a definite contribution
which is explained by the post fission boil-off hypothesis of GLENDENIN. It
. must be stated that many of the papers in the literature dealing with the
explanation of fine structure are somewhat out of date. This is due largely
to ihe fact that more recent and more careful determination of fission yields
have altered significantly the detailed appearance of the mass yield curve.
'Ih addition some of the necessary assumptions in the analysis - such as
charge distribution postulates, neutron bindihg energy predictions etc, have
changed with time. Any quantitative recalculation of fine structure effects
must take account of these changes as well as new experimental information
on the prompt mass yield curve (determined by velocity measurements) and on
the variation of the numbers of neutrons emitted as a function of mass number.

The fine structure effects have also been studied for the neutron-

induced fission of U233, U238, and Pu239, although not in as great

detail.lhs’ll%’147 The PAPPASl36 analysis should apply as well to these
other nuclei; it does account qualitatively for many of the observed results,

but there are some unaccountably discrepancies between experiment and theory,

particularly in the fission of U233.
) FLEMING, TOMLINSON and ‘I'HODEJ‘LL2 find a peak in the yields of the
xenon isotopes from the fission of U238 with fast neutrons, but the peak

is lower than observed in the case of U235 fission, and lower than predicted

145. See references to Tables 11.10 and 11.11, references 133 and 140.
146. W. H. Fleming and H. G. Thode, Phys. Rev. 92, 378 (1953).
147. D. M. Wiles, J. A. Petruska and R. H. Tomlinson, Can. J. Chem. 3M

227 (1956) .
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by the PAPPAsl36 trestment. In the case of %33 fission, WANLESS and THODE' 33
could fine no ev1dence for a splke in the xenon ylelds It is hard to

understand this sudden dlsappearance of thls fine structure in going from
235 o U233. On the other hand, STEINBERG, GLENDENIN, INGHRAM, and

HAYDEI\TIM8 find clear evidence for a fine structure péak in the light fis-

sion product distribution for U233. The maximum of the peék occurs at
about mass 99 which is complementary to the heavy fission products contain-

ing 82 neutrons.

STEINBERG and GLENDENIN149 measured the yields of fission products
of the spontaneous fission of szu2 and found prondunced fine structure
around masses 105 and 134. The effect is attributed chiefly to 82-neutron
preference in the fission act.

15 supply interesting comments on the

THODE, McMULLEN and FRITZE
fine structure data and mention a somewhat different unpublished interpre-
tation by FICKEL and TbMLINSON of the influence of the shell structure on
the mass yield curves. ' Very briefly the idea is that there is a normal
emission of neutrons (about 2) from all heavy fragmenﬁs having more than
- 82 neﬁtrons, but those fragments.with 82 or less neutrons have a reduced
tendencynto emit neutrons which causes a bunching up of the mass spectro-
graphic yields in the 131-136 mass range. This hypothesiS'differs from
the GLENDENIN idea that there is an extra boiling off of neutrons from
fragments with one or a few more neutrons beyond the 82 neutron shell
because it does not predict the reflection dips required by the GLENDENIN
hypotheses.

THODE, McMULLEN and FRITZ.Ells

practical usefulness of the marked variation of the fine structure of the

call attention to an important

xenon isotopes in various fission systems. Because of these differences

the xenon yield curve serves as an identification of the type of fission

148. E. P. Steinberg, L. E. Glendenin, M. G. Inghram, and R. J. Hayden,
Phys. Rev. 95, 867 (1954).
149. E. P. Steinberg and L E. Glendenin, Phys. Rev. 95, 431 (1954).
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which give rise to a particular-xenon fraction and makes possible an un-
raveling of a mlxture of fission products orlglnatlng in several dlfferent

fission processes For example, the xenon analysis can conveniently be

used to measure the f1s510n contrlbutlon from U238 and U 235 in fuel elements

235

of reactors whereln natural or enrlched 8) fuels are used.

\

11.1.4 Distribution of Mass fn Fission fInduced by Newtrons of

Resonance Energy. Many of the characteristics of fission are probably
strongly influenced by the specific fission channel .or transition state
through which fission occurs. The fission cross section as a function
of neutron energy is known to have pronounced resonance structure in the
electron-volt region (see Section 11.3.3). It is quite possible that
different resonances may correspond to different transition states and
that the mass—yield distributions resulting from different transition
states may be markedly different. The mass yield distribution observed
in thermal fission is probably some sort of average over two or more
resonances' With these ideas 1n mind some investigations have been made
of the shape of the mass- yleld curve when flss10n is induced with neutrons

i

of resonance energy.

A detailed radiochemical study of resonance fission faces the
severe difficulty that the available monoenergetic neutron sources are
very weak. Nonetheless,'some preliminary studies of this type have been

made .

NASUHOGLU and co-workers150 irradiated samples of U235'metal with

neutrons of 1.1, 3.1, and 9.5 electron volts energy selected by a crystal
spectrometer from the neutrons of the Argonne Research Reactor CP-5. The
nucliges 512, aghtt, catt?, ena sptET

an accuracy of about 20 percent. The preliminary data indicated no - de-

were isolated quantitatively with

tectable differences in the relative probabilities of asymmetric modes

150. Nasuhoglu, Raboy, Ringo, Glendenin, and Steinberg, Phys. Rev. 108,
1522 (1957) -



-149- UCRL-9036 Rev

(represented b Sr89) and near-symmetric modes (represented by Aglll, Cdlls,
N : . e

127. , :
151

and Sb _

REGIER, BURGUS,'and TROMP performed a similar radiochemical
experiment with U233 targets at the MTR reactor. The neutron resonance
energies chosen by them wefe 1.8, 2.3, and 4.7 electron-volts. It was
found that the ratio of asymmetric to symmetric fission is larger by about
20 percent at the 1.8 and 2.3 electron volt resonances than at thermal
energies. At the 4.7 ev resonance, however, this ratio is the same as at
thermal energies, to within experimentél uncertaiﬁties.

152

The Los Alamos Radiochemistry group did a somewhat similar study

in which the relative yields of six selected fission products were measured

235

for fissioh induced in a cadmium-wrapped U sample placed near the center -
of the Los Alamos Water Boiler reactor. The cadmium absorbed the neutrons
ofxthermél energy and the observed fission products represented fission
events inducéd by neutrons in the resonance energy région. No dramatic
~change was observed but there was a definite trend in the radiochemical
yields indicating that the valley in the mass yield curve is deeper for
fiséion_induced by resonance neutrons than for fission induced by thermal
neutrons .

) | Extension of the rédiochemical;invéstigation of resonance fission to
Pu239 revealed much more dramatic changes in the ratio of symmetric to
asymmetric products. In the Pu239 fission cross section curve as a fﬁnction
of neutron energy there is a strong, isolated'resonance at 0.297 electron

volts. (See figure 11.19.) REGIER, BURGUS, TROMP and SORENSON®”
115

showed

yields when

that there was a threefold increase in the ratio of Mo99/Cd
' 239

neutrons of this resonance energy were used to induce fission in Pu com-
pared to the yileld ratio in thermal fission. In an'analysis based on the
assumption that the spin difference: is the principal cause of the change in
the asymmetric/symmetric ratio it was concluded that this ratio differs by
'a factor of at léast 5.3 between the two spin states of Pu239.

The difficulty of obtaining a sufficient counting rate for a éareful.

study of the mass-yield curve in resonance fission has prompted BOLLINGER and

151. R. B. Regier, W. H. Burgus, and R. L. Tromp, Phys. Rev. Letters 2, 274 (1959) .
: . See also R. B. Regier, W. H. Burgus and B. H. Sorenson, Bull. Am. Phys. Soc.

II 5; 33 (1960).
152. Phys. Rev. 107, 325 (1957).

153. R. B. Regier, W. H. Burgus, R. L. Tromp and B. H. Sorenson, Phys. Rev. 119,
2017 (1960).
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his associatesly+ at the-Argonne Nafional Laboratory to devise a‘cievér‘method
of obtaining a mass-yield curve by a physical method. In this method a thin
sample of fissionable matérial is placed in a double ionization éhamber and
exposed téha'beam of neutrons. The pulses produced by the two fission frégF
ments in the double Frisch gridded ion chamber are ampiified linearly to yield
pulses pfoportionél to the energy of the fragments; One of these pulses '
independently andbalso the sum of the two pulses is fed to an electronic
circuit which converts the ratio of these two pulse heights to two pulses
having a time difference proportional to the ratio of pulse heighté. This

time difference is recorded on a 1024 channel time analyzer. Because of con-
servation of momerntum in the fission process the ratio of pulse heights is
proportional to the mass of one of the fragments. The mass-yield curve
obtainéd in this fashion from ionization chamber pulses is better than the
mass-yield éurye derived in the more conventioﬁal way from ionization chamber
data as discussed in Sections 11.6.1 and 11.6.2. This difference can be
attributed to the great spread in total fragment energy inherent in the fission
process for a givén mass splitQ ROELAND, THOMAS and BOLLINGERlS%

techniqﬁé to the case of U235 and. U233 fission in a filtered beam of neutrons

applied this

with a high proportion of neutron energies near one of the prominent resonances.
The upperlpartvof_Fig. 11.39 gives the measured mass distribution for thermal
neutron fission of U235.' The peaknto-valley ratio is LOO, a value that is
almoét és high as the value of 6OO obtained radiochemicaily. The mass distribu-
tion was al.so measured in & filtered beam of neutrons containing chiefly

235

neutrons éentered at the prominent U rescnance at 8.9 electron volts. The
ratio df the yields in corresponding channels for the resOnance neutrons com-
pared'to the thérmal neutrons is plotted in the lower part of the figure.

. This ratio does not deviate markedly from unity but there does appear to be a
slight increase in the centér of the distributiom. Ff this effect is reél it

235

would indicate that U fission with 8.9 electron volt neutrons has a
slightly lower peak to valley ratio than does thermal fission. This result appears

to be in direct contradiction to the radiochemical results cited above.

154 L, W. Roeland, L. M. Bollinger and G. E. Thomas, Paper P/SSl, Volume 15,
Proceedings of the Second U.N. Conference on the Peaceful Uses of Atomic

Energy, Geneva, 1958,
Later work by Glendenin, Flynn, and Bollinger by the radiochemical technique

with the same source of filtered neutrons led to the finding of a 20%
decrease in yield of symmetric products in agreement with earlier radio-
chemical work.
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Fig. 11.39. Mass distribution for U235 for thermal neutrons
is given in (a) as determined by the special lon-chamber
technique of Roeland, Bollinger, and Thomas. In part
(b) the U235 is caused to fission with a filtered neutron
beam in which 50 percent of the neutrons have the resonance
energy 8.9 electron volts. What is plotted in (b) and
(c) is the ratio of the yields in corresponding channels
of the distribution for the resonance neutrons and for
the thermal neutrons. (b) shows raw results (c) shows
corrected results.
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55

The Los Alamos radiochemistry groupl overcame the neutron intensity
problem by a novel experiment performed during field tests of nuclear explosive
devices. In this experiment a small nuclear explosion was used as a source of
neutrons. The neutron intensity was many ordersof magnitude greater than was
available on a reasonable time-scale from the best labératory.neutron sources.
The experimental arrangement is shown in Fig. 11.40. A rotating wheel with
several layers of 93% U235 fastened to its rim was located 100 feet f;om the
gé3>

explosion. Neutrons traveling with different velocities struck the
target at different points along the rim. Thé fluxes at the target were lOlo
or more neutrons per cm2 per ev with an energy spread at half width of the
order of a few percent from energies below 10 ev to in excess of 100 ev.
Radioautographs of the target made it possible to identify many of the main
resonances.

The rim was sectioned and radiochemical analysis was carried out for
specific products. Molybdenum-99 yieldé were used as a measure of fotal
fissions in each section of the U23§ wheel rim. Silver-111 was used as a
monitor of symmetric fission. Many of the chief results are diSplayed in
Figure 11.41. The étrong variation: in fission yield as a function of distance
along the rim strongly indicates that fissions induced in U235 by neutrons of
various energies in the resonance region were isolated; this conclusion is
reinforced by the calculation of resonance energy values at the fission yield
peaks which agreevwith known resonances or closely-spaced groups of resonances

. 235 . . ’ .
in U 2 fission cross section curves. The known resonances are displayed at

99

the top of Figure 11.41. The ratio of Aglll activity to Mo activity was

used as an indication of the change in the ratio of symmetric to asymmetric
fission. There is definitely resonance structure in this ratio (see curves d,

e, T of Figure 11.41) ©but there is no indication of a marked shift in favor

of symmetric fission. The ratio for individual resonances swings from 0.9 x lO-3
to 1.k x 10_3 whereas the value for fission of U235 induced by thermal neutrons

is 1.0 x 10_3. Detailed analysis of the results indicated that in the energy

155. G. A. Cowen, A. Turkevich, C. I. Browne, and LASL Radiochemistry Group,
Phys. Rev. 122, 1286 (1961).



-153- JCRL-9036-Rev.

. EXPLOSION
y //SOURCE
_ MODERATOR
\/ AND SHIELD
VAGUUM PIPE

COLLIMATOR
SLIT

L-SHIELD

S - /é“
4
A TARGET
w
LECTRIC
" MOTOR

MU-18872

Fig. 11.40. Sketch of Los Alemos "wheel" experiment for
measurement of resonance fission characteristics.
Figure supplied by G. A. Cowan.



Fig.

UCRL-9036-Rev.

-15 _’71--

11.41 - Experimental results on fission density and Aglll/Mo99 activity
ratios from timé—of-flight experiment. The ordinates are the distance
on the wheel rim‘qn the bottom and the corresponding energy of the
neutrons hitting the wheel at this point (top ordinate). The arrows
just below the top ordinate indicate the position of strong maxima in
the fission cross section of U235. The section A shows the position of
all known maxima in the'fission cross section of U235. The section B
shows the observed regions of high fission density on the radiocautograph.
These are carried down through the rest of the figure by vertical lines
to facilitate comparison of structure in the curﬁes with observed levels.
Curve_a is a plbt of the fission density (as measured by the Mo99
specific activity) in the 10 mil U foil as a function of perimeter
distance in thé wheel. The units are arbitrary. The lower curve, in

the region 4-7 cm represents the data on the 20 mil piece. Also indicated,

by the approximately horizontal dashed line, is the_backgrouhd level of

 Tissions outside the area illuminated by the slit.

Curves d and g are observed Aglll/Mo99 activity ratios in the 10 and

20 mil U235 foils respectively as a function of distance on the wheel.
- Curves b, ¢ and f are the calculated fission densities and the Aglll/Mo99
activity ratios in the 10 and 20 mil U235.foils.

This figure repfoduced from reference 155.
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range from 10 to 63 electron volts, five resonances, with reasonable certainty,
are associated with an increase in fission symmetry; another four resonances
are probably assoclated with increased symmetry; eleven resonances are
identified which, with reascnable certainty, are associated with a decrease in
symmetry; and:niné'more-are'probably éssociéted with a decrease in symmetry.
Considering thé:énergy rénge from 10 ev to 400 ev the authors conclude that
none of the first SOolresoﬁances of\U235

It is clear that a series of experiments of this type would permit

give rise to symmetrical fission.

a very fruitful analysis of many features of the fission df heavy nuclel with

neutrons of resonance energy.’

11.4.5. gggg%dn‘Prqg%gEmgéglds ig;§£ontaneous'Fission.A It seems likely
that spontaneous fissién must involve a single fission channel. It might
be expected that .the mass distribution of the fission products, as well asv
other characteristiés, of,spontaneous fission would provide very exact .
informaticn on the nature of fission in a single—channel process. However,
the number of nuclei for which detailed studies of the characteristics of
spontaneous fission can be made is limited by the strong dependence of the
probability of spontaneous fission on atomic number and on nuclear type as
discussed in Section 11.3.6.

The study of spontaneous fission of thorium or uranium is greatly
hampered becausg‘of the measured half lives of greater than 102l years and
1.3 x 1016 years, respectively, for these elements. See Table 11.7. None-
theless, a few investigations have beeﬁlcarried out. The most successful
have een the extraction from uranium and thorium minérals:of,the stable

rare gas isotopes which have been accumulating in the minerals throughout

The U. S. Atomic Energy Commission reported that additional wheel ex-
periments of this type were conducted during the GNOME test explosion

set off underground in the Carlsbad Cavern region on December 10th,1961.
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geologlcal tlme For example, the spontaneous fission from one gram of

-7 136

in 300 million years. In a 6% uranium

136 136 -

uranlum produces about lO cc of Xe

"mlneral hav1ng this age the ratio of fission product Xe to normal Xe
should about 60. Thus ih radiocactive minerals the total amount of xenon

and krypton as well as the ieotopic distribution should be very different

from that foundbin ordinary minerals. Modern techniques of méss spectrometry
are so sensitive that the isofopic composition of gas volumes of this extremely
small size can be determined accurately. In 1947, KHLOPIN, GERLING and
BARONOVSKAYAL2?

found in minerals and that the quantity-of xenon is in rough agreement with

found that pitchblende contained more xenon than is usually

the assumptlon that the xenon was produced by spontaneous flSSlOn In 1950
MACNAMARA and THODE = reported measurements on the isotopic abundances of
xenon and krypton extracted from a sample of pitchblende with an age of about

1.k x 107 years. Five fission product isotopes of xenon (Xe129, Xel3%Xé}32erl3u

and Xe 136 ) and three of krypton (Kr83, K:L"BLL 86) were identified. It is
1nterest1ng to note thaL_Xe129 is an observed product of the spontaneous
_flSSlon of U 238 since it is not seen in the fission.gases of the slow neutron
fission of U 35. The reason for this is that its precursor I 129 has a half
life of 1.7 x lO7 years. WEATHERILL 158 measured the isotopes of xenon and
krypfoﬁ from eamples of the uranium minerals, euxenite and pitchblende, and
of the thorium mineral, monazite. FLEMING and THODEl59 measured the fission
yieids of these fission gases invsix samples of pitchblende and one sample
of uraninite. When all the results were compared it was clear that the
pattern of xenon isotopes varied to some extent from sample to sample. It
became clear that one must be cautious about attributing all the observed
xenon and krypton in a uranium mineral to the spontaneous fission of the U238.
Some fission of U235 with the neutrons of natural origin may contribute to the

1235

rare gas fraction. The extent to which neutron fission of competes with
natural fission of U238 depends on the concentration of uranium in the mineral,

- the age of the mineral and the nature of the impurities. The measurement of

156. Knlopin, Gerling and Baronovskaya, Bull. Acad. Sci. USSR Classe Sci. Chim.
- 599 (1947); Chem. Abs. 42, 3664 (1948).

157. J. Macnamera and H. G. Thode, Phys. Rev. 80, 471 (1950).
158. G. W. Weatherill, Phys. Rev. 92, 907 (1953) .
159. V. H. Fleming and H. G. Thode, Phys. Rev. 92, 378 (1953).
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minute amounts of plutonium in uranium mineralsl6o resulting from the capture
of natural neutrons by U238'is a Very direct indication of a measurable
neutron concentration in uranium minerals. This is fully discussed in_Section
6.6 of Chaﬁter 6; The neutrons come'chiefly from the spontaneous fission of
U238 and froﬁ (a,n) reactions caused by'fhe action of the alpha emitters from
the uranium series on the light elements in the ore. ’ |
v YOUNG.AND THODEl6l in a further analysis of the isotbpic abundance in

fhé rare gas fractions from 6 uranium minerals concluded thatvneutron—induced
fission of U238 in addition to neutron-induced fission of U235 must contribUte
some xenon and krypton to the gas found in the mineral. o '

| By an examination of the trends in the xenon.isotope’ratios in various
uranium minerals it was possible.for WEATHERILL158 and for FLEMING and THODE159
to state three'important ways in;which spontaneous fission yie€lds differ from
bfissioﬁ yields‘in‘neutron-induced fission.

. 1. The mass yield curve for spontaneous fission is much steeper in-

dicating a more selective division of mass. The lighter isotopes of xenon are
formed in much lover yield than they are in slow neutron induced fission.

2. The "fine structure" characteristics are different. In the case of

U235 fission,Xe133 and XelBu
132

have abnormally high yields, whereas in natﬁral

fiésion the yield of Xe is abnormally high and the yield of Xe13LL is markedly

down;
v 3. The yield of xenon relative to krypton is higher in spontaneous fission.
61 applied the isotope dilution technique to measure the
238
U .

YOUNG and THODE™
absolute yields of xenon and krypton isotopes in the spontaneous fission of
With various corrections for contributions from neutron induced fission, rare gas
contamination, gas leakage from the minerals, etc. results were obtained which
are summarized in Tablevll,lZ.

The measurement of the fission yields of other products by more standard
radiochemical techniques has not proceeded far beqauﬁg of the extremely low
counting rates of the fission elements which are to/found in uranium samples of
manageable proportions. PARKER and KURODA162 for example isolated molybdenum

from 3420 grams of purified uranyl nitrate and found an equilibrium amount of 67

160. C. A. Levine and G. T. Seaborg, J. Am. Chem. Soc. 73, 3278 (1951).
161. B. G. Young and H. G. Thode, Can. J. Phys. 38, 1 (1960).

162. P. L. Parker and P. K. Kuroda, J. Chem. Phys. 25, 1084 (1956); J. Inorg.
Nucl. Chem. 5, 153 (1958).
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Table. 11.12 Absolute Yields in U238 Spontaneous Fission

Mass No. Nuclide measured Percent fission Reference
' ' yield

83 Kr 0.036 % 0.015 a
’ Kr 0.0327 + 0.0028 b
84 Kr 0.119. £ 0.040 a
. Kr 0.122 + 0.012 b
86 Kr 0.75 * 0.11 a
- Kr 0.951 .+ 0.057 b
89 Sr 5.9 + 1.k c
Sr 2.9.t 0.3 a
90 Sr 6.8 £ 0.6 a
91 Sr 5+ h c
Sr 6.9 £ 0.5 a
92 Sr 11 .+ 4 c
99 Mo 6.3 £ 0.6 c
Mo 6.0 £ 0.5 d
109 Pa < 0.02 a
111 Ag < 0.05 d
115 Cd < 0.05 a
129 Xe < 0.012 a
131 Xe 0.455 +:0.02 a
 Xe .0.524 £ 0.031 b
I 0.h2 + 0,14 c
132 Xe 3.57 = 0.06 a
Xe 3.63 * 0.22 b
I 3.47 £ 0.42 c
Te 4.5 .+ 0.5 d
133 I 1.4+ 0.3 . c
13k Xe 4.99 * 0.07 a
Xe 5.14 £ 0.31 b
I 5.0 £ 0.6 c
135 T 4.9+ 0.6 c
136 Xe 6.00 (assumed) a
Xe 6.3 £0.38 b
Lo Ba 9.6 + 1.2 c
143 Ce 7.9 £ 1.4 c
. Pr 7.5 % 0.5 a
bk Ce 6.5 0.5 d
147 Nd 4.2 + 0.k a
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a.. Mass spéétrometric datgfof Wetherill, Phys. Rev°>9§, 907i(l953):

b. Massg spectrometric data of Young and Thode, Can..d. Phys. 38, 1 (1960).

c. Radiochemical data of'KQrodarénd co-workers as summarized by Menon and
Kuroda, Nucl. Sci. Eng. 10, 70 (i96l).

d. Radiochemical data of L. J;=Russell, Ph.D. Thesis, University of Chicago
1956. Note-—fission yields of Reference a are normalized to yileld of
Xel36 assumed equal to 6.00. Those of References b, c, and d are normalized

2 .
to a half life of U 38 for spontaneous fission of‘800h X lOls-years.
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99

hour Mo equal to iny 1 count per minute in their counter. They calculated

99 238 nich

per gram of U

>

-1
an equilibrium activity of 1.26 x 10 Lh curies of Mo
corresponds ©o a spontaneous fission half life of (8.4 % 0.8)x 10"
99_fission yield of 6.2 percent. ASHIZAWA and KURODA

years for
U238 assuming a Mo 163
measured the amounts of several iodine isotopes in 1.5 kilograms of highly
purified uranium and found the following equilibrium amounts in units of 10~
disintegrations pef second per gram of U238: 1131, 0.3 = 0.1; 1132, 2.5 £ 0.3;
133 1.0+ 0.2; 3%, 3.6 £ 0.4; 1537, 3.5 £ 0.4. KURODA and E_DWARDSlél+
measured Balho present in 4.5 kilograms of uranyl acetate and found 1.6 x lO_lh
counts per minute per gram of U238, Radiochemical studies.of this type serve
to verify that the natural fission rate of uranium measured by physical means
i8 of the correct or&er of magnitude. The data are not extensive enough, and
are not likely to become extensive enough, to permit a careful exploration of
the structure of the spontaneous fission-yield curve in U238. For example,

U238

a ton of would be required to obtain a measurable activity of a fission
product with a fission yield of 0.0l percent.

For a more complete radiochemical study of spontaneocus fission products
it is quite essential to study isotopes of heavier even-Z elements. Some of
the more suitable candidates from the standpoint of their availability as well

as their radiation characteristics are the ones listed in Table 11.13.

163. F. T. Ashizawa and P. K. Kuroda, J. Inorg. Nucl. Chem. 5, 12 (1957);
See also preliminary study by Kuroda, Edwards and‘Ashizawa, J. Chen.
Phys. 25, 603 (1956). o

164. P. K. Kuroda and R. R. Edwards, J. Inorg. Nucl. Chem. 3, 345 (1957).
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Jable 11.1%

Specific fission rates of selected transuranium element nuclides

‘Isotope - - Partial half life for spontaneous . Spontaneous fissions
T » fission decay (years) per minute per mi;lignam
szhz co . T.2 x 106 - : .66 x lO5
~szsz o “ o _ , , w5 x Lot0
Y o “ e | 5 x 10"
/jl
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STEINBERG and GLENDENIN 65 studied the fission products from a:..one
milligram sample of szgz._ Procedures were worked out for 1solat1ng several

fission product elements from the  x- lO 2 alpha dlslntegratlons per mlnute of
m242y..The yleld5ﬂ0£,21 nuclldes;fenough-te'define,the“magor.features of. the
maSS"yieid?eurve;fﬁeféVdetermined~ Theiriprocedﬁre was to purify the parent
sample of Cm 42, to let it stand for a certain perlod of time and then to .
isclate and measure specific fission products by quantitative radiochemical
techniques..lThe results given in Table:ll.14 and Fig. 11.42 show that sponta-

neous fission of szaZ,is more asymmetric than the thermal neutron.fissionxof

-U235, Uz-33 or Pu- 39 - The peak—to~trough»fatios~are-higher.andutherlight and

heavy peaks are higher and narrower. The light peak shifts toward heavier
mass numbers. The fine structure effect in szhz due to preference for 82
neutrons in the fission act is very -pronounced in both peaks. It was estimated
that the excess yields due to this effect over the "smooth" curve was about 7

percent.
GLENDENIN and STEINBERG166 also investigated radiochemically some pro-
252 . -10 .
using a 10 gram source possessing a

167

ducts of spontaneous fission of Cf

spontaneous fission rate of a few thousand per minute. CUNNINGHAME also

contributed to this investigation. The most comprehensive radlochemlcal study

168

252 -
of Cf 2 was carried out by NERVIK with the assistance of several .co-workers.

I

One source of 1 X 106 and another of. 2 x-10

obtain the data. The results are presented in Table 11.15 and in Fig. 11.43.

fissions per minute were used to

The fission yield curve has maxima of 6.05 percent at masses 107 and 141 with
the width at l/lO maximum of each peak being approximately 27 mass units. The
peaks are much narrower than the comparable ones in the slow neutreh fission of
U235. There is a very narrow "trough" with a minimum value of €8 x.10_3 per-
cent at mass number 124. In addition, while the curve as a whole 1s symmetrical
about mass 124, each peak is not symmetrical about its own maximum, being signi-
ficantly spread toward the most asymnetric fission modes. A small fine-structure

peak was observed at mass lL3 There was no evidence of act1v1t1es which could

be ascribed to ternary fission events, upper limits of 10~ % fission yield being

165. E. P. Steinberg and L. E. Glendenin, Phys. Rev. 95, 431 (195&),

166. L. E. Glendenin and E. P. Steinberg, J. Inorg. Nuclear Chem. 1, 45 (1955).
167. J. G. Cunninghame, J. Inorg. Nuclear Chem. 4, 1 (1957).

168. W. E. Nervik, Phys. Rev. 119, 1685 (1960).
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| Table 11.1h
Fission'yields in spontaneous fission of szlLZ ,
Observed fission Calculated independent Total fission
' yield fission yield of daughter® yield of chain
Nuclide (%) (%) (%)
9.7-hr Srot 0.94 % 0.3 0.01 0.95 + 0.3
2.7-hr Sro° “1:1+0.3 - - - 0.l C 1.2 £ 0.3 .
67-hr M0”° 5.7 %.0.7. o | 5.7 4 0.7
L,0-day RitO3 7.2 111.5 ‘ o ... 7.2 = 1.5
b.5-hr RurO? 9.5 £ 0.9 - 0.} - 9.9 % 1.0
1.0-yr Bt T4 % 0.8 1.0 o : 8.4 £1.0
13.1-hr Pt 2.9t 04 | 0 . 2.9%0.4
21-hr P2 0.95 £ 0.15. . 0.15 . 1.1+ 0.2
53-hr CaT? 0,033+0.01 ) 0 ‘
43-day,ca ™ (0.003)% "0 0.036+0.01
3.0-hr ca-t ™ .01 0 . <0.01
93-hr So1¢7 0.35+0.1 0.0 ‘0.37 + 0.1
h.2-hr 86722 - 1.3+0.3 . 0.4 . 1.7 0.4
30-hr TelI" 2.3 + 0.5 _ - '
8.0-day T o 2.0 % 0.8 0 4.3 * 0.7
77-hr Tel3? i . 5.8+0.9 - 1.6 7.4 % 1.3
21-nr 1033 . 5.7%0.8 ‘ 0.3 . N 6.0 + 0.9
52.5-min T3© 6.9+ 1.0 11 | 8.0 % 1.3
6.7-nr 1737 3.9 £ 0.6 3.y 7.3 % 1.k
13.7-day 03136: 0.80 + 0,12 —— '
85-min BaT3? 6.6 £ 0.7 0 6.6 £ 0.7
12.8-day patH0 5.9 0.8 .0 ' 5.9% 0.8

a. Assumed yield from known branching ratio in induced fission.
b. Yield independent of 30-lr Telo ™,

c. Calculated independent yields assume validity of equal charge displacement
hypothesis and a v value of 3.
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Fig. 11.42. Yield mass curves for spontaneous fission of Cm 2
(solid line) and pile neutron fission of Pu?39 (dashed line).

Circles represent observed yields and trianglegSestimated

total chain yields. Steinberg and Glendenin.t



" Rh

UCRL-9036-Rev.
_165_

TABLE 11.15 Spontaneous Fission Yields of Cf22C.

" “Fission yield %

No. Glendeninv
" Nuclide :iiiiﬁlé_‘ Nervikl68 - : Ste?ﬁgerg Cunninghamel67
Mg20 1. $7.1x107 S
K*3 2 <1.1x 107 ’
Thad 2 $6.8x107°
7% 2 S$6.2x107° ’
asTT 2 €8.8x107°
as™ 3. L.o7et 0,18 x 1073(8)
Br83 3 2.1% £ 0,93 x.1ofz._’~
r® 2 0.32 £ 0;01 -
vt 2 0.59 £ 0.06
Y3 3 - 0.83 £ 0.03
7w’ 1 1.37 | | -
7 3 1.54 £ 0.15 f . - 2.1 % 0.3
Mo?? 3 2.57 £ 0.Q3 - 2.2 £ 0.5 3.0 £ 0.45
MotO? 4.1 £ 0.8
105 L 5.99 + 0.21
Ru 0 | 9.2 £ 1.k
pa 02 5  5.69 £ 0.59 6.8 £ 1.3
Agttt " . 5.19%£0.29 .54 0.9
pgtie 5 3.65 £ 0,18 | 4.5+ 0.9
Agtt3 ki .23 £ 0.38 - 4.2 £ 0.8
catts N 2.28'+ 0.13 2.8 £.0.5
™7 | S1.0
snt?l 3 0.142 + 0.008 '
snt?? 2 9.3 £ 0.4 x 1073
spt2T 3 0.130 + 0.008
spe9 3 0.615 + 0.017
i3 3 1.27 £.0.18

aAverage deviation of multiple determinations.
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fI‘ABLEill"-.-.lS Sfﬁntame.lou's ;F‘i.ésiori Ylelds of Cf_Z'S_z (continued) ‘
..... ,Flission yield %
Nov Qi"‘" ) Glendeniﬂ

ﬁuclidq ‘i?tzil:l”' Nervikl StZ?f\‘bévij‘él66 Cu‘nir'ugha.mélé7
Tet3° “ 1.75 + 0.03 2.8 £ 0.4

133 3 2.77 + 0.20 - 4.8 £ 0.7

113L+ | 4.2t 0.6

139 | 4.0+ 0.6

Xel3? 3 4.33 + 0.08

cst30 1 3.5 x 107¢

st 3T + i, 40 | |

C:5138‘ . L .ol _ | 6j ® 09

pat3? “ 5.73+ 0.16 6.2 £ 0.9

Baluo o 6.32 + 0.5k4

ce’ - 5.9 £ 0.3

celt3 3 5.94 £ 0.35 7.8 £ 1.5

P13 | 7.4 £ 1.5
na T 6 k.69 £ 0.08 4.0+ 0.8
9 1 2.65
P2 1 2.18 |
Sm2? 6 C1.41£0.03 1.3+ 0.3
g, 150 5 7.03 £ 0.08 x 10°F |
S a 1.5 x 1070 |
Dylé’_b 3 1.80 + 0.16 x 1072

Er 169 3 1.72 + 0.41 x 1073
Tt 2 3 Shx 107t

Tyt 3 <4.0x 10"

ol 1® 2 <2.3x 107
Lal 7 1 < 9.6 x 1077
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Cf 2 ‘spohtaneous fission yield as a function of mass
All plotted points are measured, none refelected. The

curve as drawn is symmetrical about mass 12k.1. The yield curve
for the fission.of U235-with thermal neutrons is .included for
comparison. From Nervikl00,
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set for individual nuclides between mass numbers 28 and T72.

11.4%.6 Ternary Fission. All studies of low-energy fission indicate
that the process results predominantly in the division of the fissioning nucleus
into two frégments plus two or three neutrons; PRESENT169 showed that the liquid
drop model of fission does not rule out the possibility of ternary fission into
three fragments of roughly equal masses. Evidence for tripartite fission has
been sought by a variety of methods, chiefly by the examination of fission tracks
| in nuclear emulsions impregnated with fissile material and by studies using
multiple ionization chambers. * The findings of these studies can be grouped in

235

three categories for the case of U _caused'&mflssion with slow neutrons.

(1) The most prominent and best-established type of ternary fission
is the emission of high speed alpha particles in coincidence with two heavy
fragments of the conventional type. The abundance of this tyﬁe of fission is
roughly one in 400 of normal binary fission events. The alpha particles have
a distribution in energy up to 29 Mev but the distribution shows a definite
broad peak at 15 Mev. The aﬁgular distribution of the alpha particles shows &
strong peaking at an angle a few degrees less than 9OO_with respect to the di-
rection of the ‘lighter of the two heavy fragments. We discuss this type of
tripartition more fully below. ;

(2) A type of triple fission relatedixmtype 1l is the emission of a
triton in c01nc1dence with two heavy fragments There is ohly a limited amount
of data concerning triton emission in f1551on ‘ALBENESTUS and ONDREJCINl7o first
found convincing evidence for the presence of tritium in samples of normal or
enriched uranium after neutron irradiatidn. They measured'auraté of formation
of 1 or 2 tritons for every 10,000 fission events. WATSONl7l,identifiéd tri-
tons emitted in the spontaneous fission of szsz withzan E - dE/dX counter
detector. He found one triton per 4500 + 900 fission‘events and measured an
energy spectrum centering at 8 Mev with a half-width of 7 Mev. |

(3) The third type of terhary fission is the splitting bf the nucleus

into three or four fragments of roughly equal mass. A conservative upper limit

169. R. D. Present, Phys. Rev. 59, 466 (19&1)
170. E. C. Albenesius, Phys. Rev. Letters 3, 274 (1959); E. C. Albenesius and
R. 8. Ondrejcin, Nucleonics 18,100 (1960).

171. J. C. Watson, Phys. Rev. 121, 230 (1961).

¥ An excellent and detailed discussion of ternary,fission is given by Demers
in his book, "Ionographe; les Emulsions Nucleaires," Montreal University
Press, Ottawa (1958).
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is one such event in 100,000’

normal binary events. The low incidence of this process puts severe conditions

- on its study. :In nuclear emulsion studies, aside from the necessity to inves-

tlgate hundreds of thousands of events, there is the difficulty of positively
distinguishing between a triple track -due to a trlple fission event and a
triple track due to a binary fission event plus a heavy recoil originating in

the emulsion at approximately the point of fission. On the other hand when

«tripartite fission is investigated by observing the thiee fragments in a

multiple ionization counter coincidence experiment it is necessary, to eliminate
accidental ‘coincidences produced by two binary fissions occurring within the

Lz made a parti-

resolving time of the coincidence equipment. ROSEN and HUDSON
cularly careful study by the coincidence method and in the case of U235 they .
arrived at a frequency of ternary fission of (6.7 + 3.0) in 106 binary fissions.
PERFILOV173’pOints out that'this measurement does not apply to the possibility
of an asymmetric division which led to a kinetic energy < 40 Mev for one frag-
ment . ‘

In the wartime radiochemical research on the fission productsl7u a
determined search was made for possible products of ternary fission in which’
one fragment might have a mass in the range of 35-60 units. Nuclides of sulfur,
chlorine, calcium, scandium and iron were investigated and upper limits of 107
percent or less were set on the total number of fissions resulting in the
production of such'nuclides. In 1961 ROY175 set an upper limit of 4.2 x ].O-9

percent to the yleld of Mg 28 and measured a value of 2 x 10-8 percent for the
66
formation of Ni™ .

173, 176, 177, 178

. Several authors have found individual three-pronged

172. L. Rosen and A. M. Hudson, Phys. Rev. 78, 533 (1950).

“173. N. A, Perfilov in Physics of Fission, English Translation of a Conference

of this title published as Supplement 1 to the Soviet Journal of -Atomic
Energy, 1957.

l7h. See papers by Metcalf, Seller, Steinberg, and Winsberg in Book 1, of

"Radiochemical Studles The Fission Products,' National Nuclear Energy
Series, edited by C. D. Coryell and N. 'Sugarman, McGraw-Hill Book Co.,
N. Y., 1951. ~

175. J. C. Roy, Can. dJ. Physics{ 39 315 (1961)
176. S. P. Dutta, Ind. J. Phys. 27, 547 (1953).
177. J. Catala, J. Casanova, and V. Domlngo, Nature 184, 1058 (1959).

178. Z. W. Ho, s. T. Tsien, L. Vlgneron, and R. Chastel, Compt. rend. 223,
1119 (1946), 224 272 (19u7) J. Phys. Rad. 8, 165, 200 (1947).

.
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tracks in emulsions loaded with normal uranium or U °” which survived all checks
which might have classified them as spurious. The common feature of these ..
reports. is that the third fragment has a mass«substantiallyxlqwer'than the other
two. A mass of about 30 is most commonly estimated. —
MUGA, BOWMAN and THOMPSON 79 ‘have looked at fission tracks of Cf £5z in
nuclear emulsions impregnated with this spontaneously-f1s51on1ng nucllde. They
found several definite events in which triple fission of type 3 had occured
and estimated roughly that one triple fission occurred for every 20,000 binary
fission cases. The true rate‘may'be several-fold greater. Hence, triple
fission of this type may be considerably more frequent in the spontaneous
fission of Cf252 than it is in.the slow neutron fission of U- 35 .
HO, TSEIN, VIGNERON, .and CHASTEL 178 reported cases of quadrlpartltlon

-of U235 into roughly equal masses occurring with a frequency of -1 per 3000
binary fission; however, TITTERTON18 was unable to confirm thls result.
TITTERTON and BRINKLEYl8l on the other hand reported tentatlvely in the case
of Cf252 one case of quaternery flSSlon in every 5000 cases of fission. This
frequency seems inconsistent with the radiochemical results of NERVIK168
summarized in figure 11.43 above.. /
(%) A fourth type of triple fission consists of the emission of light

 particles of low Z (variously reported as 1,.2 or, in some cases,. higher than
2) and of low energy (of the order of 1 Meb); These particles are distinguished
by their frequency and their energy from the energetic a-particles comprising
type (1). |

- Several studies

182~ 185 dealing with these light fragments of low-

energy assign rather high probability to their occurrence (about one percent).
It is difficult to distinguish such particles from protons and other nuclear
rec01ls produced by fission fragments in their passage through nuclear emulsion
or counter ‘gas . and the interpretation of the data is open to some questlonl

It has been suggested also that some of these light fragments might have nuclear

charges gresater than 2. The emission of light fragments with the nuclear charge
179~ M L. Muga, H. R. Bowman, S. G. Thompson, Phys. Rev. 121, 270 (1961)

180. E. W. Titterton, Nature 170, 794 (1952).

181. E. W. Titterton and T. A. Brinkley, Nature 187, 229 (1960)

182. Tsien, Ho, Chastel and Vigneron, J. Phys. radium 8, 165, 200 (1947).
183. K. W. Allen and J. T. Dewan, Physr‘Rev} 82, 527 (1951)

184. L. L. Green and D. L. Livesey, Trans. Royal Soc. (London) A241, 323 (1948).

185. E. W. Titterton, Nature 168, 590 (1951).. ’

186. See for example the discussion by Demers p357 IONOGRAPHE; Les Emulsions
Nucleaires, Montreal University Press, Ottawa (1958) .
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of beryllium seems to be ruled out conclusiveldyyby radiochemical experiments.
COOK187 2
fission and ROYlTS reduced this limit to 3 x lO-7percent. FLYNN, GLENDENIN

and STEINBERG188 set an upper limit of 4 x lO-lL percent to the formation of

set an upper limit of 10”7 percent to the formation of‘Be7 in uranium

2.5 million year BelO

We shall not donsider further triple fission of type 4.

‘We turn now.to a fuller acpount of triple fission of the first type.
ALVAREZ? |
particles and ohe light particle, but this discovery was not reported.until
after the waré. The first published literature was  that by SAN-TSIANG ZAH-WEIy
CHASTEL and VIGNERON'ZC.
reviewed by ROSEN and HUDSON
review is that of DEMERSl92.

light particles leave no doubt -that they are helium lons. Experiments dealing

in 1943 was the first to observe triple fission into two heavy

The literature on the subject up to 1950 is well
191 and by ALLEN and DEWAN183. An excellent later

The ionization and range characteristics of the

with the frequency of this type of triple fission are summarized in Table 11.16.
There is a spread in the results for individual isotopes greater than the cited
experimental error. Aside from this, however, one is impressed‘with the rough
constancy of the frequency for all reported cases.

The energy distribution of the long-range alphasparticles has been
165

studied by measurement of rranges in nuclear emulsions,

measurements193 194 v
well, are summarized in Fig. 11.44. MUGA, BOWMAN, and THOMPSON179 investigated

by. ionization chamber

and by magnetic analysis. The results, which agree rather

the energy distributions of the long range alpha particles in the spontaneous

252. Their results; summarized in Fig. 11.45 show a peaking at 19

L7l gna NOBLES (1962)

fission of Cf
Mev, a somewhat higher energy than in the U235 case. WATSON

reportcvalues of 16 Mev and 17 Mev, respectively for the peak of the alpha

spectrum for the spontaneous fission of Cf252.

N
187. G. B. Cook, Nature 169, 622 (1952).
188. K. F. Flynn, L. Glendenin and E. P. Steinberg, Phys. Rev. 101, 1492 (1956).

189. L. W. Alvérez»as reported by Farwell, Segre and Wiegand, Phys. Rev. T1,
327 (1947). |

190. San-Tsiang Zah-Wei, Chastel and Vigneron, Compt. Rendus §§§9“986 (1946);
224, 272 (1947); and Phys. Rev. T1, 382 (1947).

191. ‘L. Rosen and A. M. Hudson, Phys. Rev. 78, 533 (1950).

192. P. Demers, Ionographie, Les Emulsions Nucleaires, MontPeal University
Press, Ottawa (1958), pp. 353-355.
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Table 11. 16
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Probablllty of leSS“On of Long-Range Alpha Particles

in Low-Energy Fission

Target Frequengy compared
: ~to total
Investigators Nucleus Neutron source - Fission events-
Fulmer and Cohen 5235 pile neutron 1 to 310
Allen and Dewan U233 thermal neutrons 1 to 405 £ 30
Allen and Dewan U235 thermal neutrons 1 to 505 = 50
Allen and Dewan Pu239_ thermal neutrons 1 to 445 + 35
Titterton , ‘ 235 thermal neutrons 1 to 422 = 50
Farwell, Segre and U235 cyclotron slow ¥ to 250
Wiegand : neutrons
Farwell, Segre and Pu239 cyClotron'slow 1 to 500
Wiegand - o neutrons
"Green and Livesey U235 cyclotron slow ‘1 to 300
: . neutrons
Demers y?32 Ra-Be source 1 to 250
vMarshdll U235 thermal 1 to 330
Tltterton énd 252 o o
Brlnkley Cct Spontaneous fission 1 to 280
Muga, Bowman and 'Cf252 Spontaneous fission l‘to 415
Thompson
Watson Cf252 Spontaneous fission 1 to 345
Henderson et.al cr2o? Spontaneous fission 1 to 312
Henderson et.al: szh2‘ Spontaneous fission 1 to 978 £ 210
" Hehderson et;él‘f CnizmP -Spontaneous fission 1 to 273
Nobles U235 thermal neutrons 1 to 449 + 30
-Nobles y?3> .1 Mev neutrons - 1 to 534 = 35
Nobles - y?33 ‘thermal neutrons 1 to 41k = 26
Nobles Py thermal neutrons 1 to b1 + 26
Nobles pu23? "1 Mev neutrons 1 to 403 25
Nobles Pu241 thermal neutrons 1 to 440 + 28
Nobles PuZMO spontaneous fission 1 to 314 + 20
Nobles quzuz. spontaneous fission 1 to 365 % 29
Nobles 'szuz' spontaneous fission 1 %o 257 = 17
Nobles 1‘Cm2%4, spontaneous fission 1 to 31k £ 20
Nobles Cf252 -spontaneous fission 1 to 299 = 18
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Fulmer and B. C. Cohen, Phys. Rev. 108, 370‘(1957).
Allen and J. T. Dewan, Phys. Rev. 80, 181 (1950).
Titterton and F. K. Goward, Phys. Rev. 76, 142 (1949).
Titterton, Nature 168, 590 (1951).

Farwell, E. Segré and C. Wiegand, Phys. Rev. T1, 327 (1947).
. L. Green and D. L. Livesey, Nature 159, 332 (1947).

. Demers, Phys. Rev. 70, 974 (1946).

. Marshall, Phys. Rev. 75, 1339 (1949).

Muga, H. Bowman, and S. G. Thompson, Phys. Rev. 121, 270 (1961).
. C. Watson, Phys. Rev. 121, 230 (1961).

. W. Titterton and T. A. Brinkley, Nature 187, 229 (1960).

H B =W

UH G RN QR KRR Q

p. 418 (1961).

V. N. Dmitriev et. al Sov. Phys. JETP ll, 18 (1960)é report a freq%egcy rate

relative to U235 of 1.22 * 0.06 for U233 and 1.1 0.06 for Pu23

R: A. Nobles, Phys. Rev. 1962.

J. Henderson, H. Diamond and T. H. Brald Bull. Am. Phy. Soc. II 6, No. 5,
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11.4k. Energy distribution of lon%-range alpha particles
from the pile neutron fission of U 35 Curve A is the
distribution determined by FUIMER and COHEN194 by magnetic
analysis. Curve B is the work of ALLEN and DEWAN.19%
Curve C is the distribution determined by TITTERTONLES
using an emulsion technique. Figure reproduced from
FULMER and COHEN.LY
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11.45. Comparison of the energy distribution of long-
range alpha particles from the spontaneous fission of
creda (MUGA and THOMPSONl79% and from the slow neutron
fission of U232 (TITTERTONLSS). Figure prepared by L.
Muga.
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The angular distribution follows that to be expected of an alpha
particle formed at the instant of fission and traveling away from the origin
in the Coulombic field of the heavy fragments. TITTERTON185 investigated a
huge number of U235 figsion events by the emulsion technigque and found a strong
peaking of the angular distribution aﬂ 82° with respect tc the lighter of the
fission fragments. MUGA, BOWMAN, and THOMPSON179 studied Cf252 and reported
a strong peaking at 850 with respect to the lighter of the fragments.

Sonme investigator5179’193’ 195-191 have intereéted themselves in
possible differences in %he distributioh of the fragment energies in fission
events accompanied byfa lonngange alpha particle compared to the distribution
in normal binary fission. The results seem to indicate a lowering of about 6
Mev in the most probable energy of the heavy. fragment and of about 8»Mev in the
light fragmento .Other than this, the characteristics of the ffagments in triple
fission are remarkably similar to those of fragments in binary'fi’ssioh° It has
been néﬁédiﬁhat the total kinetic energy lowering of the two fragments is about
equal ?o the most probable kinetlc energy of the alpha particléo

© The occurrence of these alpha particles with this energy and angular
distribution can be explained from a simple gualitative picture based on the
iquid;drop model cof nucléar divisionl98o This explanation has been well stated

by HILL and WHEELER™P® whom we quote here.

193. X. W. Allen and J.. T. Dewan, Phys. Rev. 80, 181 (1950) .
194. C. B. Fulmer and B. L. Cohen, Phys. Rev. 108, 370 (1957).
195. L. Marshall, Phys. Rev. 75, 1339 (1949).

196. V. N. Dmitriev, L. V. Drapchinskii, K. A. Petryhakg.and Yu. F. Romanov,
Soviet, Physics Doklady 4, 823 (1959); Soviet Phys. JETP 12,390 (1961)

197. V. I. Mostovi, T. A, Mostovaya, M. Sovinskii, and Yu. S. Saltykov,
Atomnaya. Energ. 7, 372 (1959). ' -

198. S. T. Tsien, Compt. rend. 22k, 1056 (1947).

199. D. L. Hill and J. A. Wheeler, Phys. Rev. 89, 1102 (1953).
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"From classical hydrodynamics it is well known that the disintegration
of a liquid jet into drops leads to the formation between these fragments of
tiny aropletsn Likewise in the case of nuclear fission it is not surprising to
find some portion of the nuclear substance set free between the fission fragments
in the act of scission. It is necessary to distinguish betﬁeen alpha-particles,
proton; and neutrons. Of these only the alpha-particles represent nearly
saturated nuclear matfer, and only they are energetically capable of emerging
from the briginal nucleus already in its unexcited state. But an alpha-particle.
at the surface of the original nucleus is far below the level of the Coulomb
potential, on éccount of the coupling to its surroundings. In contrast, an alpha-
particle in ihe region of scission lies at the point of maximum Coulomb potential,
and yet has less than the normal amount of nuclear matter immediately around it
with which to form bonds. This particular alpha-particle has in effect been
raised to a point but little lower than the top of the barrier, by means of the
changesyof nuclear form which took place up to the moment of scission. An
alpha—pérticle in such a position will have a significant probability to pass
through the barrier.’ Thus it is reasonable to connect up the energy of the
observed alpha-particles with the value of the electrostatic potential in the
small interval between the newly formed fission fragments. On this view the
alpha-particle will be expelled in a direction roughly perpendicular to the line
of separation with an energy of about 20 Mev, The unequal repulsion by the
lighter and heavier fission fragments will be responsible for some deviation
from perpendicular emission, as observed.

Similar effecté will be expected for other light nuclear fragments,
except that here the relevant potential barriers will be higher, and emission
probabilities lower.

Emission of protons will be practically forbiddén in comparison with
alpha-particle emission, because the binding of the particle to nuclear matter--
even near the scission neck--places its energy far below the top of the Coulomb
barrier. Those protons which are observed have rather to be interpreted as due
to processes of impact between fission fragments gnd the stopping material through
which‘they pass. Their energy distribution is consistent with this view, and
quite contrary to what would be expected if they came directly from either the

dividing system or the fission fragments."
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'11.5 DISTRIBUTION OF NUCLEAR CHARGE IN FISSION

In the discussion of this section we shall use the term primary fission
product to refer to the nuclear species formed after emiésibn of the prompt
neutrons but.befofe aﬁy beta decay has occurred and primary fission fragment
to refer to this nuclear species before emission of the prompt neutrons. The
general term fission product will refer to the primary fission products plus
any nuclear species produced by the beta decay of the primary products.

_ An important part of the ihformation that ohe would like to have about
the fission process is the diviéion of nuclear charge between the primary
fission fragments. Unfortunately, to determine this is a difficult experimental
problem and the available data are limited. The reason for the difficulty is
that the primary fragménts are so far from beta stability that most of them
have very short half lives. Hence by the time the necessary chemical
éeparations have been carried out the primary products have been completely
converted into different elements; This is not true in the case of shielded
nuclides andbtheir fission yields are of necessity independent rather than

cumulative chain yields. A shielded nuclide is one which cannot be formed by

beta decay Because the isobaric nuclide of the next lower atomic number is
stable. There is another group of nuclides whose independent yields may be

measured; namely, those nuclides which can berchemically-isolated in a time

shorter than the half life of their beta-decaying precursors. For example,
Laluo is formed in fission chiefly from the decay of its parent, 12.8 day Baluo,
but if Laluo is isolated within a few minutes of the completion of a short
irradiation of uranium With_neutrons, the activity isolated will be chiefly
attributable to the Laluo formed as a primary fission product.

Before the matter of charge division\was subjected to much study,
various conjectures were put forth as to what might be expected. One might
have expected the neutron to proton‘ratio of the light and heavy fragments to
be identical with that Qf the fissioniﬁg nucleus. This postulate - of unchanged
charge distribution would lead one to expect much longer beta-emitter chains in
the light fragments, Which is not in accord with the facts. One might also have

postulated, as did WAY and WIGNERZOO in an early unpublished report that the most

200. See K. Way and E. P. Wigner, Chicago Report CC-3032 (1945) unpublished;
see also Phys. Rev. 73, 1318 (1948).
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probable charge distribution would correspond. to that division giving rise to
the maximum kinetic energy of fthe fragments and the minimum potential energy in
" the form of radioactivity decay'energy. This postulate predicts a longer
average chain length for the heavy fragments which also is not in accord with
the facts. v

PRESENTZOl postulated that the nuclear 'charge- would be distributed.to
give a minimum for the sum of nuclear potential energy plus- the: Coulombic
repulsion energy. This ccrresponds to 'maximizing the excitation. energy.

Many years laﬁer”ﬁhe treatment of charge distribution from this point of view
was again discussed by F(DNGM3 and by SWIATECKLIZO2 The contribution of the
Coulombic term is less important than that of the nuclear"potential'energy.

‘The calculation of the latter depends strongly on the choice of a mass equation;
the way in which the mass equaticn handles shell effects is particularly
important. By proper clioice of parameters it is possible to achieVe reasonably
good agreement with experimental data. The eqﬁations derived from these ideas
of minimum potential energy and maximum.excitation energy are the closest
approach to a theory of charge distribution in f1s51on (See remarks of
HALPERN203) :

However, in most of the llterature whlch we rev1eW‘below the charge
distribution data have been correlated in a strlctly emplrlcal way In the
beginning the empirical approach was necessary and expedient in the absence
of anynclear theoretical guidance. It has remained qu;te useful because after
a considerable evolution it is still able to correlate and predict data more
suCCessfully than any theoretical model. It is emphasized, however, that

the correlatiohs discussed below are strictly empirical.

201. R. D. Present Phys Rev. 12, 7 (1947)

202. W. Sw1ateck1, unpubllshed results cited by Blann 1n Un1vers1ty of
| Callfornla Radlatlon Laboratory Report UCRL 9190 (May 1960)
203. I. Halpern, Amn. Rev Nuclear SCl g, 320 325 (1959)



UCRL-9036-Rev.
-180-

The problem of nuclear charge distribution may be considered. to have
two aspects;up(l): the determination of the most probableJmode,of charge division
for a given mass split, and (2) the distribution function for primary formation
(independent yield) about the most'probahle nuclear charge among fission products
of the same mass number. | ,

- The empirical facts regarding the division of charge in slow-neutron
induced fission are satisfactorily summarized by the hypothesis of equal charge
displacement put forth by GLENDENIN, CORYELL and EDWARDS. 20k, 205 According to
this hypothesis the most probable charges for one fission fragment and for its
complementary fragment lie an equal number ofrunit3rawaymfrom4betamstability.

It was further postulated, to cover point (2) above,:that the distribution.
about the most probable charge is a. symmetrical function with. the same form for
all mass splits and all fissile nuclides. . The empirical charge distribution
curve is shown here in Fig. 11.46.

From the equal charge displacement hypothes1s

x % ” ; )
zA - zp =7, .--zp o (11.49

vwhere Z, and Z,  are the most stable charges of the complementary fiss10n

productAchainsAand Zp and Zp are the most probable charges for the primary
fission products of mass numbers A and IN Z, and Z (and Z “and Zp ) are
not restricted to 1ntegral values and in nearly all cases are non- integral.’

The sum of the primary charges Z and Zp must equal the charge of the fission-

ing nucleus Z

f The complementary flSSlon product masses A and A are related

by
A+ A =A_-v - (11.50)

204. Glendenin, Coryell; and Edwards, Distribution of Nuclear Charge in Fission,
Paper 52 in "Radiochemical Studies: The Fiss10n Products vog. D. Coryell
and N. Sugarman, editors, National Nuclear Energy Series, Plutonium Project
Record, McGraw—Hill Book Co., Inc. ) New York (l951)

205. L. E. Glendenin, Laboratory for Nuclear Science Massachusetts Institute

of Technology, Technical Report No. 35, December, 1949.
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e
where Af is the mass number of the fissioning nucleus and Vv is the average number
of neutrons emitted per fission. The equation for the most probable charge of a

fission product of “masg A is then

% .
= 7 : - 11.51
zp‘. z, 1/2 (2, +2, - 2.) (11.51)
20k
In the orlglnal treatment of GLENDENIN, CORYELL and EDWARDS, the
values of %, were evaluated from the BOHR-WHEELER 206 mass equation. This con-

A
tinuous Z functlon smooths over the mass discontinuities involved in crossing

shell edges, hence apprec1able error in estimating ZA and Z i5 likely to result
for those fission products having proton numbers close to the 50 proton shell o
or a neutron: number close to the 50 or 82 neutron shell.  To eliminate this
difficulty PAPPASa 7 modified the method of estimating ZA and based his calcula~-
tions of ZA on:the treatment of beta stability of CORYELL, BRIGHTSEN and
PAPPAS.Z(38 In’this;treatment empirical Z curves are used which are essentially
straight lines for nuclides whose nucleon numbers lie within a,given shell but
separate ZA lihes are}used invdiffefent shell fegionslanﬁ discontinuities appear
at the shell edges. Hence the calculated Zp curves showediscontinuities at the
shell edges and at points complementary to the shell edges. In PAPPAS treatment
attention is focused on the fragments at the time of sc1s51on before prompt
neutrons have been emltted, in this respect his approach also differs from that
of GLENDENIN, CORYELL and EDWARDS.

Table 11.17 shows the values of-ZA in the mass ranges of interest in
fission and givesvvalues of gﬁ%é for convenience in interpolation. For mass
numbers in the vicinity of shell closures there is an uncertainty in the ZA
value to be used in Eg, (11. 51) This is indicated in column 2 of Table 11.17

by the occurrence of mass numbers 87 90 116- 120, 137-1L0 and 155-158 in two

206. N. Bohr and J. A, Wheeler, Phys. Rev. 56, 426 (1939).

207. A. C. Pappas, "A Radiochemical study of fission yields in the region of
shell perturbations and the effect of closed shells in fission" Laboratory
for Nuclear Science, Massachusetts Institute of Technology, Tech. report
No, 63, September, 1953; see also A. C. Pappas, Paper P/881, Volume 7,
Proceedings of the U.N. Conference on’the Peaceful Uses of Atomic Energy,
United Nations, Geneva, 1955.

208. Corycll, Brightsen, and. Pappas, Phys. Rev. 85, 732 (1952); see also
C. D Coryell Beta- Decay Energetlcs, -Ann. Rev. Nucl. Sci. 2, 305 (1953).
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Table 11,17

Valuesiof‘ZX; :

Shell group A Z, 9 ZA/a A

Z <50, N<50 : ‘ 70 31.2 0'38u
90 38.9

Z<50 W>50 87 38.6 0.39,

: 120 51.7 -

Z >50, N <.82 116 49.0 0.35,
140 57.4

Z <64, N> 82 137 57.8 -0.357
' 158 65.3

2 > 6Lk, N> 82 155 63.6 10.37,
, 165 67.3

A, C, Pappas,.as quoted in. reference 207.

Lev.
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209

shell groups. In these mass regions STEINBERG and GLENDENIN suggest the use

of the average of the Z, values from the two groups.

A summary of the ikperlmental data on independent fractional chain fission
yield is given in Table 11,181 . In the previous discussion of "fine structure"
in the mass-yield curve it was suggested that certain nuclides may be pre-
ferentially fofmed in fission'giving risé to regions\of fine structure in
the mass yield curve. For the purposes of an analysis of charge distribution
the "excess" yields of such nuclides are considered anomalous, and a "normal
chain yield is used to calculate the fraction of chain yield represented by the
observed indepéndent fission yield. Thesé "normal” chain yields represent the
yields which would have occurred without the extra contribution of a specific
preferred member of the chain. In their 1955 Geneva Conference report
STEINBERG and GLENDENINZO9 compared the charge distribution curve shown here
as'Fig. 11.46 with the data available at that time from several fissile nuclides
and found reasonably good agreement with the equal charge displacement hypo-
thesis. ‘ ’ -

In 1956 KENNETT and THODE210 reported some new results which were not
in good agreement with the curve shown in Fig. 11.46 and indicated a need for a
revision in the charge distribution prescription. These authors used ultra-

128

130
sensitive mass-spectrometer techniques to measure the -yields of Xe and Xe 3

relative to the heavier isotopes Xel31 whose Tission yield was accurately known.

128

The amount of Xe and Xel3O so Tound could be taken as the measure of the
primary yields of 1128 and IlBO which had decayed into the stable xenon daughters
before analysis. KENNETT and THODE obtained yields which were too high by a
factor of more than 100 to fit Fig. 11.46.

They reasoned that while PAPPASZO7 was correct in allowing for shell
it was necessary to go further and make a

A
correction for shell effects in Zp, KENNETT and THODE210 postulated a charge

effects in the evaluation of Z

division such that the greatest energy release occurs in the fission act. To make

209. E. P. Steinberg and L. E. Glendenin, Paper P/614 in Volume 7, Proceedings
' of the International Conference on the Peaceful Uses of Atomic Energy,
August 1955, United Nations, Geneva (1956).

210. T. J. Kennett and N. G. Thode, Phys. Rev. 103, 323 (1956).

T I. F. Croall has compiled data an independent fission yields in a variety
of fissioning nuclei besides U235, Hig compilation is available as a

Harwell report AERE-R3209, January 1960.
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. Table 11.18 . . e
. . LIS . N e . \2.' "
~Independent Fractional Chain Yields: Fission of U 35
with Thermal Neutrons
Fission Independent fractional
product chain yield® Reference
91 min A578 0.09 b
(0.026 = 0.006) 22
' 82 =k
*¥36 hour Br 6 x 107 ) c
1.box 10, d
1.6 x 1 o e
3 x 1077 g
19 day Rb 1.2 x 40_6. - e
1.5 x 10 6 f
o 6.7 x lg— g
64 hour el <3 x 10~ h
<8 x 10772 w
: <5 x 10-4: e
14 min RoOT 0.35 + 0.05 v
9.7 hour 5171 0.06 + 0.04 v
58 day YOO <9 x 1073 h
~0.01 S W
%23 hour WP g x 07, e
(1.0 + 0.2) x 10 Cy, zh
72 min np? (1.7 £ 1.3) % 10'3 Ly
*106 year Tc98 0.011 *:0.004" ¥y
*Zlonday_Rh;Qz <2 x10 ([ -k
%25 min 120 1.0 x 107 c
*¥12.6 hour 139 2.8 x lO—lL e
: 131 '
2k min Te 0.1k 1
0415 £ 0.07 m
0.0k - 0.12 n
S 0.11 - - g
8.05 day I3Y  <o.01 n
77 hour Tel32 ©0.36 £ 0.17 0
2.3 hour I32° <0.0L “'n
20.8 hour 1733 <0.05° “n
5.3 day xel33 <oioors oo 1
©52.5 min 1;3% 0012 “f,n
9.2 fiour Xe3? '0.035 p
0.049 q
0.027 r
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Table 11.18 (cont'd.)
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Fission Independent fractlonal
product N chain yleld Reference
%13 day C5136.. 1.0 x 10'3_ f
S 9 x 1073 e
27 yr csT3 T ~0. 025 z
» 138
32 min Cs 0.045 * 0.005 z
9.5 min.Cs139 0.17 £ 0.03 v
84 min Bal39 0.011 * 0.005 v
66 sec Csluo 0.34 % 0.05 v
12.8 day Balho 0.07 * 0.03 v
40.2 hour Laluo 7.0 x lO_u w
26 sec Cst 0.52 * 0.08 x
18 min Balh'l 0.27 * 0.06 X
3.7 hour LallLl (3.6%1.7) x 1073 x
77 min LalLLZ 0.019 * 0.006. X
1.0 sec XeluB' 8.5 x 10_3_ g
*5.3 day Pmli80 < 107" e
2.7 hour Pm > 0.00zz z3

*¥Indicates shielded isotopes.

[o 2

.

o 0

o0

S a

=R o b

=]

Based on measured total

J.
H.

°

2 Q2 19 =
= W

H

.

H > 9 0 = @

i SR > I P R

C.

Uses of Atomlc Energy, Geneva,

(1956).

Sugarman, Phys.
Kennett and H. G.
Feldman, L.E. Glendenin,

Rev.

chain yield.
89, 570 (1953).
Thode, Phys.

Cook, results cited in m.

Rev. 103, 323 (1956).
and R. R. Edwards, p.'598 in ref. u.

Glendenin, Technical report no. '35, Laboratory for Nuclear Science,

(1949).

Wahl, J.AInorg. and Nuclear Chem. 6, 263 (1958).

Reed, Phys.

Rev. 98, 1327 (1955)..

Gilmore, unpublished results cited in g.

O'Kelley and Q. V. Larson, unpublished results cited in g.

Swartout and W. H. Sullivan, p. 856 in u.

Glendenin, unpublished results cited in g.

Pappas,

Proceedings of the International Conference on the. Peaceful
1955, Vol. 7, pp. 3-14, United Nations



n.

T e I — UCRL-9036-Rev.

- 18‘7_
Table 11.18 (cqnt'd)

A. C. Wahl, Pnys. Rev. 22; 730 (1955). Data for Telst corrected for the
5% Sb 131 decaying to Tel3l. 3

A. C. Pappas, Technlcal Report No. 63, Laboratory for Nuclear. sc1ence,

M. T. T.,September, 1953.

S. Katcoff and W. Rubinson; Phys. Rev..9l, 1458 (1953).

E. J. Hoagland and N. Sugarman, p. 1030 of u. 7

F. Brown and L. Yaffe, Can. J. Chem. 31, 242 (1953).

N. Sugarman, p. 1139 of u. :

G. P. Ford and C. W. Stanley, Atomic Energy Commission Document AECD-3551
(1953). | |
"Radiochemical Studies: The Fission Products", edited by C. D. Coryell
and N. Sugarman, NNES, Plutonium Project Record, Div. IV, Vol. 9, McGraw-
Hill Book Co., Inc., New York (1951).

R. L. Ferguson, Thesis, Department of Chemistry, Washington University,

January, 1959; see also Phys. Rev. 126, (1962).

_W. E. Grummitt and G. M. Milton, J. Inorg. Nuclear Chem. 5, 93 (1957).

D. R. Nethaway, Ph.D. Thesis, Washington University, September, 1959; see
also Phys. Rev. 126, . 1962.

D. E. Troutner, Ph.D. Thesis, Washington University (1959), see also Phys.
Rev. 126, - (1962).

K. Wolfsberg, Ph.D. Thesis, Washington University (1959); see also Phys.

Rev. 126, .. (1962).

22. A. Kjellberg and A. C. Pappas, J. Inorg. Nucl. Chem 11, 173 (1959).

z3. Y. Y. Chu, unpublished result. _
z3. I. F. Croall, J. Inorg Nucl. Chem. 16, 358 (1961).
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guantitative predictions it was necessary to have some means for estlmatlng

‘masses of nuclides far removed from stability. They used the mass formula of
KUMAR and PRESTON211 which includes shell effects and spin terms. " The calcula-
tlons of KENNETT and THODE210 based on-thls mass equatlon resulted. in a Zp ‘

curve whlch remalned near 50 for f1551on masses from A = 128 to A = 132, which
is qulte dlfferent from the behav1or of ZP determlned from the treatments of
GLENDENIN, CORYELL and EDWARDS »H or of PAPPAS. 2ot The prlmary yields for I

were accounted for much more satlsfactorlly. GRUMMITT and MILTON212 also dis-

128

cussed the maximum energy release hypothesis.

ALEXANDER and CORYELL215'asserted that the general application of the
method of KENNETT and THODE 210 to all mass regions is open to serious question.
This method of calculatlng Z predlcts longer chain lengths in the heavy frag-
ments than in the light. They attempted to correlate measured fractional chain
ylelds in low energy flSSlon, with ZP calculated accordlng to the postulate
of max1mumtenergy release and concluded that the scatter of the data was worse
than for the orlglnal postulate of equal charge dlsplacement -

’ Subsequent 0 these reports WAHLglu made a substantlal new. contribution
to the problem of charge dlstrlbutlon 1n fission. First of all he materially
increased the databhy us1ng an 1ngenlous method to’ measure the’ primary anhd '
cumulatlve ylelds of nine short- llved 1sot0pes of krypton and xenon. In his
eXperlmental method the fission products rec01llng from a thin sample of U 225
were caught in a{laper of barlumvstearate powder, a materlal which has a
negllglble tendency to retaln occluded gases (a characterlstlc referred to as
high emanating power). The rare-gas fission products then 1mmed1ately escaped
into a large evacuated space. There the inert gases decayed depositing their
longerrliued desCendents'on“a.fllter-paper liner. Comparison of the descendent
activities found on the llner and in the barlum ‘stearate powder gave. the

fractional cumulative ylelds of the 1nert gases.

211. K. Kumar and M. A. Preston, Can. J. Phys. 33, 298 (1955).

512, W. E. Grummitt and G. M. Milton, Chalk River Laboratory Report CRC-694,
AECL-453 (1957) -

21%. J. M. Alexander and C. D. Coryell, Phys. Rev. 108, 127h (1957) .
21%. A. C. Wahl, J. Inorg. Nuclear Chem. 6, 26% (1958) .
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WAHLZlh combined his new data with all the previous data on independent
yields. Because of the uncertainties which we have Jjust recounted about the
proper method of calculating the Zp function, WAHL reasoned that it might be a
good idea to determine it empiricélly}r:Hé assumed that the charge distribution
curve of Fig. 11.L46 was correct, Then ﬁhen each independent fractional chain
yield (plus a few cumulative yields) was placed precisely on the assumed charge
distribution curve, the corresponding ?alue of Zp was automatically fixed. The
results are plotted in Fig. 11.47 in which the light and heavy regions are folded
so that the total Z = 92 and the total A = 233.5 (v = 2.5). A smooth continuous
curve passes through all the points except thése for mass numbers 96 and 98 in which
case reasonable explanations could be given for the small discrepancy. Some

general features of the empirical Z_ curve are the following:

(1) 1In the regions where the Z, functions are not influenced by shell
edges, the Z _curve is approximately equi-distant (for complementary mass‘numbers)
from the two ZA lines as proposed in the pbstulat;ogf equal charge displacement.
The ZA lines shown are those proposed by CORYELL.

(2) 1In the regions where the Z, functions are discontinuous due to
crossing of the 50 and 82 neutron shell edges the Zp curve makes a smooth con-
tinuous transition. There are no large discontinuities in the ZP function of
the type observed in the PAPPAS treatmentuz07

(3) The ZP line tends to approach and remain close to the 50-proton
shell edge as proposed by KENNETTlAND THODE.,ZJ"O However, there is no pronounced
tendency for it to remain close to the 82 (or 50) neutron shell as they proposed.

.Several of WAHL'S studentle5 have contributed newer data on independent
and cumulative yields which are significant for an analysis of the equal chérge
displacement hypothesis in its various formulations; the comprehensive summary
paper on this work is a ‘key paper in the literature on charge distribution,

Much of this data is listed in Table 11.18, Out bf this work has developed the
charge distribution curve shown in Fig. 11.48 which is very similar to GLENDENIN's
curve (Fig, 11.46)but in somewhat better agreement with the data available in 1961,

Experimental data are shoWn:in the figure to indicate the extent

215. See 1959 thesis stﬁdiés; Department of Chemistry, Washington University,
by Ferguson, Nethaway, Troutner and Wolfsberg. See also paper entitled
"Nuclear Charged Distribution in Low Energy Fission" by Wahl, Ferguson,
Nethaway, Troutner, and Wolfsberg, submitted to The Physical Review,
1962, Vel. 126, p. 1112.-
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Fig. 11.47. Wahl's empirical Z_ function for thermal fission of UZS?@
heavy fission products; &light fission products; upper limits
indicated by tips of arrows. The ZA lines are those proposed by
CORYELL. From A. C. Wahl, reference 214. The Zp function.is to
be applied to fission products after emission of prompt neutrons.
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Fig. 11.48. Conventional charge distribution plot as constructed by Wahl,.
et al. The central curve conforms ? arly to the Gaussian expression

1 . (2-Z C :
B(2) = o o L ——E= ) where ¢ = 0.94

This Gaussian was.determined by the fractional yield data for decay chains
with A = 91, 139, 140, 141, 142 and 143 in which yield values are available

for two or more members. Additional experimental data are plotted at Zp
values determined by an empirical Zp curve nearly identical to that shown in

Pigure 11.47. Data from thermal fission of U233, U235 and Pu239 are shown
as squares, circles and triangles, respectively. Data from spontaneous

fission of Cmé"42 and Cf 252 are shown as inverted triangles and diamonds.
Those points on the left hand branch are cumulative yields while those on
the right are independent. This curve is normalized so that the sum of all
points taken at unit intervals -on the Z—Zp scale is unity.
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of the agreement or disagreement. In this figure Z_ values were determined by
' WAHL'SZl»‘L*’-Z,l? empirical curve :(Figure.11.47). ?

‘ Slnce so much depends on the valldlty of this charge distribution curve
it is lmportant to check 1ts correctness by determlnlng the 1ndependent yields
of several members of the same fission product chain. FERGUSON collected
data on three members each of the chains of mass 91, 139, and 140 aﬁd found
that the data for all three chains was consistent with the standard curve.

It would appearffhat a combination of \»IAHL‘S21LL empirical Zp curve and
the empirical curves of Fig. 11.48 provides a sétisfactory basis for correlating
the data on loﬁ energy Tission and for predicting the independent yield of
products which cannot be directly determined. It must be emphasized that the
correlation is’strictly an empirical one. The fundamental factors governing the
division of charge have not been explained by any comprehensive theory of fission.
CORYELL KAPLAN and FINK 7 reviewed all the proposed treatments of the charge
dlstrlbutlon data as these were known in 1960 and strongly endorsed the WAHL
prescription. MILTON -and FRASER 218 supplied independent supporting evidence
for the WAHL Zp curve from an analyses of the total kinetic energy released in
fission as a function of mass split. This is mentioned below in section 11.6.3.

Up to this p01nt we have -discussed the charge distribution almost
exclusively as it relates to the special case of thermal flSSlon of U 35. Most
-data have been obtained for this case and more interest has centered on U 35
In addition however there are some figures available on_lndependent yields in
the case of neutron-induced fissionvof Ug33 and Pu239 and in the case of
spontanecus fission of several heavy element.nuclei. These data seem to
conform reascnably well to the equal charge displacement hypothesis formulated
by WAHL, once the necessary changes are made for the change in composition of

the compoundvnucleus.

216. R L. Ferguson, Thesis, Washlngton Unlver51ty, January, 1959. Some of
Ferguson's data is given in Table 11.18.

217. €. D. Coryell, M. Kaplan and R. D. Fink Can. J. Chem. 39, 646 (1961).
218. J. C. D. Milton and J. S. Fraser, Can. J. Physics in publication (1962).
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The question arises ﬁhether these same correlations hold in the case of
nuclei caused to fission with high energy neutrons or high eneréy charged
particles. waAHLZ19 measured fission yields for 3235-induced to fission with
14 Mev neutrons and discussed nuclear charge distribution. He showed that the
Z - Zp correlation could be taken to be the same as that for low-energy fission
by assuming v of about 5 but he considered that there was insufficient evidence

, 220
that the nuclear-charge distribution pattern remains the same. FORD presents

82
the case for close similarity in the distribution patterns, using data for Br —,

132 13k 136

, and Cs’ from U235 irradiated with 14 Mev neutrons. ALEXANDER and

238 232

CORYELL213 considered the cases of U and Th caused to fission by capture
of '13.6 Mev deuterons and by capture of fast neutrons:(produced-in a beryllium
target at a cyclotron and containing a spread of energies up to 19 Mev). Using
independent fission yields on 5 products in each case they found reasonable
agreement with the equal charge -displacement postulate in every instance and
poor agreement with the hypothesis that: the neutron-to-proton ratio of the
fission products was the same as that of the fissioning nucleus.

CORYELL, KAPLAN-and FINK217'took these cases as encouragement that the
Equal Charge Displacement hypothesis was valid generally and proceeded from
this to formulate a prescription for the.intercomparison of'ZP(A) data from
various types of fission differing in compound nucleus and in excitation
energy. One important assumption in their treatment is that the charge -
distribution curve along any isobaric sequence which has been found valid
for thermal fission of U235 is also valid without change in shape for other
fissioning nuclei; only its pbsition varies with .the compound nucleus and the
excitation energy. ‘ |

These authors derived the following expression for computing the value
of Z_ for any mass number A. The expression uses the Z_ function for thermal
fission of U235 as a reference curve; the shift in thegP function, called

AZP(A), is computed as follows:
| 235

D
[

2
i

- U
ZP(A) - ZP(A)

>

N
=
i

1/2 (2,-92) - 0.19 (A -236) + 0.19 (Vg - 2.5) ~(11.52)

219. A. C.Wahl, Phys. Rev. 99, 730 (1955)
220, G. P. Ford, U. S. Atomic Energy Commission Report AECD-3597, Unpublished
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In this expression

7 and A are atomic number and mass number of the
- - -~ . compound nucleus.

VT~is the averdge number of neutrons emitted
' during fission.

This expression contains the assumption that neutron boil-off increases

with excitation energy according to

dy

T =-0.12 Mev—l ' (11.53)
« . 4E : _ T :

TheéﬁZp valﬁes as given by the above expression are independent of A
~and can be computed easily for a given ZC; A and E¥. In tests of this method
of computing ZP(A)-values CORYELL, KAPLAN and FINK217 conclude that it provides
an adequate correlation of data for heavy muclei excited from 20 to 60 Mev.
Hence presumably one could use this method to estimate independent yields of
unmeasured_ﬁuclides.: '

Some authors however have obtained independent. radiochemical yields in
cases of fission induced by charged particles which cast doubt on the general

applicability of the equal charge displacement postulate. -
For example, a thesis study by GIBSONZZl of fission induced in the
following cases——(Pu239 + 20 Mev deuterons), (Np2_37 + 31 Mev deuterons ),
(NP237 + 46 Mev helium ions), and (U233 + 23 Mev deuterons) indicated better
agreement with the postulate that the most probable primary fission products
have the same neutron to proton ratio. There was very poor agreement with the
equal charge.dispiacement hypothesis.’ However, certain features of the
independent yield.distributions'which.GIBSON‘got.when:he.plottedﬁhis.data;
according to the constant-charge-to-mass-ratio hypothesis led him to the
conclusion that the actual charge distribution may be intermediate to the two

cases..

221. W. M. Gibson, Thesis, University of California, November, 1956; also
published as University of California Radiation Laboratory Report UCRL-3493;
see also B. M. Foreman, Jr., W. M. Gibson, R. A. Glass, and G. T. Seaborg,
Phys. Rev.
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CHU and MICHELZZ, studied 1ndependent fission yields of several 1sotopes

35 avu 238 targets bombarded with AS 7 and 24 Mev helium
221

in the flss10n of U
.1ons # They agree with GIBSON
between the two postulates but that the equal charge- dlsplacement hypothe51s in

its typical form gives the poorer fit. CHU and MICHEL222 tried various pres-

that the true charge dlstrlbutlon must fall

crlptlons for computlng the ZP and Z parameters.8 ggg 1nterest1ng fact they
noted was that if one abandons the ZA functions which trace out all the
-shell influenced discontinuities in the ground state masses of stable nuclei
and uses 1nstead a smooth ZA function which 1gnores pronounced shell effects
then one can use the. equal-charge-displacement treatment and obtain an ex-
cellent flt’of the experimental fractional chain yield data to.a smooth curve.
This may mean that fission at this level of excitation is not greatly affected
by the shell properties of the fragments, whereas_in low energy fission it
| clearly is. | _
| BLANN 202studled the fission products resultlng from the flSSlon of
gold 1nduced by 110 Mev carbon ions. He found rather poor agreement -of his
experlmental Zp values with those predicted by the equal charge dlsplacement
prescription. He reports much better agreement w1th a minimum Potential Energy
prescription by SWIATECKI 202 ‘
| In the case of fission induced by protons or helium ions of . large energy

(> 50 Mev say) it becomes more difficult to interpret data on independent yields
in terms of the correlations we are discussing -in this chapter. One of the
chief reasons for this is that the identity and excitation energy of the fission-
ing nucleus is not unique. Instead the fission products come from a variety of

fissioming nuclei excited to a variety of

222. Y. Y, Ghu and M, C. Michel, unpublished results (1959); see thesis study
by Y. ¥. Chu, issued as Unlver31ty of California Radiation Laboratory
~ Report UCRL-8926, Nov. 1959. :

223. W. E. Grummitt and G. M. Milton, J. Inorg. Nucl. Chem. 5, 93 (1957).

# A similar study was made by,Colby and Cobble, Phys. Rev. 121, 1410 (1961).
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energies. This 1is fully discussed ih the next chapter. 'PATEI‘FOSTER, and YAFFEZZLL
give a typlcal discus51on of this problem in a study of nuclear charge distributlon
in the f1551on of thorlum with protons at nine proton energies between 8 and 87 Mev.
It is known definitely from the work of PERLMAN and GOECKERMANN225 on the fission
of bismuth with'l90 Mev deuterons that in thisbcaSe at least the equal charge
displacement hypothesis appears to be inapplicable. For this system the fission
product'yields show a definite preference for those nuclides, with the same
neutron to proton ratio as the fissioning nucleus. Other authorszzsa discuss
charge distribution,infuranium.and thorium fission induced by particles with energy
in the hundreds of Mev range.' A
A method of investigating the nuclear charges of the primary fragments

which is fundamentally different from any discussed so far, in this section is
the oné tried by CARTER, WAGNER, and WYMAN. 226 These experimentallsts observed
the energy spectrum of x-rays in coincidence with fission fragments by using a
thin Nal crystal for K x—raysdand a‘proportional counter for L x—rays° The
‘resolution of this method is only fair but with improved technique this ‘approach
may give a good picture of the entire distribution in nuclear charges. The
observed x-ray épectra aré influenced by several effects which need further
examination and which may severely limit the applicability of this method. These
include (1) internal conversion of prompt gamma rays, (2) fluorescent yield
corrections and (3) the number of K and L vacanciesiproduced.by the formation
of the fragments. »

' The radiochemical method of‘investigation of'charge distribution in
fission probably cannot be extended much beyond its present limits. It is to be

hoped that some fundamentally new experimental methods will be developed to extend

-our knowledge of this important feature of the fission process.

224. B. D. Pate, J. S. Foster, and L. Yaffe, Can. J. Chem. 36, 1691 (1958);
B. D. Pate, Can. J. Chem. 36, 1707 (1958).

225. R. H. Goeckermann and I. Perlman, Phys. Rev. 76, 628 (1949); see sectionl2.2.8

225a. A. C. Pappas and J. Alstad, J. Inorg. Nucl. Chem. 17, 195 (1961); P.
Aagaard et al. J. Inorg. Nucl. Chem. 5, 105 (1957); A. K. Lavyrukhina and
L. D. Krasavina, Atomnaya Energia 2, 27 (1957).

226. Carter, Wagner and Wyman as reported by Leachman in Paper P /665, Proceedlngs
of the Second International Conference on the Peaceful Uses}ﬁf Atomic Energy,
United Nations, 1958. d
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'11.6 KINETIC ENERGY OF THE FISSION. FRAGMENTS

Shortly after nuclear fission was discovered by the radiochemical work

of HAHN andeTRASSMANN,227 the large energy release in fission was measured

. experimentally by FRISCH2?8." He measured ionizétion pulses produced in an
ionization chamber containing & uranium sample irradiated with neutrons. A
short time later JENTSCHKE and PRANKL229 resolved the ionization pulses into
two groups which corresponded .to fragment energieS'of about 60 and about 100
keV. JOLIOT23O_demonstrated the large kinetic energy of the fission fragments
by radiochemical measurements of the penetration of the fission fragments
through thin foils. Since this early work, a great body of information on the
kinetic energy of the fission fragments has been collected by refined experi-
mental techniques. We discuss four types of experiments in the following pages:
(l) ionization chamber measurements ofAkinetic energy release, (2) time-of-
flight measurement of fragment velocity, (3) ranges of the fragments in gases

and foils, and (L4) calorimetric measurement of total energy release.

11.6.1 Ion-Chamber Measurement of Fragment Energy Distribution in Slow

Neutron Fission Of U235 U233 and Pu239. The energy of fission fragments can

be obtained from thé measurement of the total ionization produced in the gas of

a suitable ionization chamber., Fission fragments are heavily ionizing particles
with a maximum range in air at NTP of about 2.5 centimeters; hence, a shallow
ionization chamber is sufficient to stop the fragments completely. The ioniza-
tion charge collected is.very closely proportional to the fragment kinetic energy.
The method involves (1) an ionization chamber into which a sample of fissionable
material can be inserted and at the same time be exposed to a flux of neutrons;
for the study of spontaneoué fission @ neutron source is nof required. -

(2) An electrode system in which the rapidly collected charge generates across

the chamber capacity a voltage pulse of many millivolts, the magnitude of which

is proportional to the fragment energy, (3) a linear

227. O. Hahn and F. Stréssmann,‘Naturwiss. EZ; 11, 89 (1939).
228. 0. R. Frisch, Nature 143, 276 (1939).

229. W. Jentschke and F. Prankl, Naturwiss. 27, 13& (1939).
230. F. Joliot, Compt. rend. 208, 341 647 (1939). "



UCRL-9036 Rev.

=198~

pulse amplifier which amplifies this pulse up to a voltage suiﬁable for detection
~and (4) an oscilloscope, a pulse height analyzer, or other device for deter-
mining the relative number of pulses of various sizes. If the pulse height to
energy relationsﬁip is correctly calibrated, a plot of the number of recorded
events versus pulse height gives the distribution of fragment energies. The

reader is referred elsewhere Hl 237

for a detailed discussion of the ionization
process and of the design of ionizagtion chambers,
- - If fission fragment energies are studied in a simple ionization chamber,
only one fragment from each fission event is observed, since the other is stopped
in the foil upon which the fissionable material is deposited or in the wall of
the chamber. Since it is completely random whether the light or the heavy frag-
ment in any one case is elowed down in the ilonization chamber gas, a study of
the pulses from a large number of fissioning atoms will show a double humped
distribution corresponding to the_light and heavy fragments.

More information is obtained if both fragments are studied simultaneously
in a twin-back- to-back ionization chamber in which the fissionable material is

mounted on a thin film, which serves as a common cathode. ?%8 %49 This method

2 24P

was Antrodugedn’e 4, . by BRUNION and HANNA"® and BRUNTON and THOMPSON.

231, Ghiorse, Jaffey, Robinson, and Weissbourd, Paper No. 16.8, "The Transuranium
Elements", National Nuclear Energy Series, Div. IV, Vol. 1LB, McGraw-Hill
Book Co., Inc., New York, 1949.

232. Bunneman, Cranshaw, and Harvey, Can. J. Research 27A, 191 (1949).

233, D. H. Wilkinson, "Ionization Chambers and Counters", Cambridge Unlver51ty
Press, Cambridge (1950).

234%. Herwig, Miller and Utterback, Rev. Sci. Inst. §§,'929 (1955).

235. B. Rossi and H. H. Staub, "Ionization Chembers and Counters",
- McGraw~Hill Book Co., Inc., New York, 1949,

236. - H. H. Staub, "Detection Meihods", Vol. I, "Experimental Nuclear Physics",
edited by E. Segre, John Wiley and Sons, New York, 1953.

237. H. A. Bethe and J. Ashkin, "Passage of Radiations through Matter”, Vol. I
"Experimental Nuclear Physics'", edited by E. Segre, John Wiley and Sons,
New York, 1953.

238. W. Jentschke, Z. Phys. 120, 165 (1942),

239. Flammerfeld, Jensen and Gentner, Z. Phys. 120, 450 (1942).

24k0. M. Deutsch and M;~Ramsey, Report MDDC-945 (19L45).

241. D. C. Brunton and G. C. Hanna, Can. J. Res. 28A, 190 (1950).
242. D. C. Brunton and W. B. Thompson, Can. J. Res. 284, 498 (1950).
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These experimenters constructed a double ionization chamber of the type shqwn
in Fig. 11.49. A thin sample of uranium or piﬁtonium mounted on a thin backing
Was placed in the center of the chamber on the common cathode. When the
chamber was placed in a flux of slow neutrons to induce fission, the two
fragments travelled in opposite directions ipto the two_chambers. The electrons
formed by ionization in the argon-carbon dioxide gas mixture were collected on
the two collecting anodes. Frisch grids were used to shield the collecting
électrodes from charges induced by the slowly-moving positive ions. The
fissioning sample was mounted on one side of a collimator consisting of a plate
with closely spaced holes. The purpose of this was to reject all fragments
coming off at a low anglé from the source. These would have excessive ionization
losses owing to oblique passage through the source, and to loss of electrons to
the chamber walls caused by fringing field effects. Only coincident pulses
were accepted for measurement. In addition, pulse-height analyzers were used
to determine the size of the coincident pulses. On the gate side tﬁe analyzer
consisted usually-of a single-chanpel analyzer with a window width of 5 Mev,
although operation with a wide open gate was also possible. The coincident
pulses from the second chamber were passed into a 30-channel analyzer.

To convert the observed pulse heights to energy it was necessary to
determine the amount of energy required to produce an ion pair in the chamber
gas. In practice this was done by measuring pulses due to the alpha particles
of known energy from U233,'U235 and Pu239 and assuming that the number of
electron volts per ion pair in argon is the same for fission fragments as for
alpha particles. Appreciable error is involved in.this assumption, as is dis-
cussed a few pages later.

When the gate discriminator was adjusted to pass fission pulses of .all
energies, the energy spread of the pulses from the second chamber appeared as .
shown in Fig. 11.50. The double-humped curve is reminiscent of the radio-
chemical mass yield distribution. Certain properties of these three curves are
given in Table 11.19. ' _

The results obtained by BRUNTON and HANNAQEi for U2

Fig. 11.51. 1In this series of experiments the gate was systematically moved

35

are shown in

from the low-energy side of the low-energy peak to the trough region and

across the high-energy peak. Similar curves (not reproduced here) were taken
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Fig. 11.49. Double ionization chamber of BRUNTON and HANNA
(1950). The chambers employ electron collection to
secure fast rising pulses. Frisch grids are used to
shield the collecting electrodes from-charges induced. .

by the slowly-moving positive ions.
reference 241.

From Can. J. Research,
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Fig. 11;51. Spectra of fission fragments of U235 in

' coincidence with companion fra%Eents'of the energy
specified (BRUNTON and HANNA).2*l Gate width was
‘5 Mev. From Can. J. Research.
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Teble 11.19

Comparison of fragment energy distr-bution in slow neutron f1531on of

235 u?33 ang pu3 (Refs. 241, 242)

1233 435 p 23

- Most probabie ene?gy of light fragment (Mev) i.l‘ | 93.d‘v 9k.5 9k.6
Most probable energy‘Of heavy fragment (Mev) . ‘ 56.6 ;6042 65.2
Ratio of most probabieAénergies . - ; o 1.64 - 1.57 | 1.L45
Width at half maximum of high-eneréy ?eak'(Mev) . - ih | ’.12 ‘> 1k
Width aﬁvhalf makimum of low-enefgy peak. (Mev) - 22 - 20 24
Width at half maximum of total energy curve (Mev)>-' : Zé ' 25 27
Mass ratio for most probable total energy o :: 1.26 l.Zj 1.20
Total.energy for most.probable‘flssion mo@e*(MéV) : 149.6  15k.7  159.8

* ,
Note: These values are not corrected for an 1onlzat10p defect, see Table
11.2cC. )
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¢33

and Pu239.' The results of these runs are 1nteresting and

"somewhat dliferent than mlght have been expected

1.

When the energy gate 15 set on’ the heavy fragment group the energy

'dlstrlbutlon of the correspondlng light group is almost 1ndependent
 of the p051t10n of the gate, and, conversely, when the gate is set
»son the llght fragment group'dm energy dlstrlbutlon of the coinci-
vdent heavy group is almost 1ndependent of the p031t10n of the gate.

“The partlal dlstrlbutlon covers nearly the whole range of the com-

plete pectrum of one group. The dlstrlbutions are not identical

'however, and the Shlft that does occur is such that as the gate

energy is 1ncreased the correspondlng distrlbutlon maximum also

mcreases.

. Item (2) may be ‘restated in thls way‘ a heavy fragment of lower
'than average energy for the heavy group will be paired on the
’”avelage with a llght fragment of lower tnan average energy. The

correspondlng s1+uation with the mass dlstrlbutlon curve is quite

dlfferent.‘ Slnce ‘the sum of the masses 1is constant, a heavy trag—

ment‘of hiéher than average mass for‘the heavy group must be paired

‘with a llght fragment of lower than average mass. Thus the double-

humped energy dlstrlbutlon curve is not even approx1mately a simple

1nver51on of the double- peaked mass distributim curve as was first

'p01nted out by JENTSCHKE and PRANKL 243 and re- empha51zed by

BRUNTON and HANNA
A partlcularly 1nterest1ng curve is Fig. 11.51 (h) which shows that

if the gate pulse is chosen to correspond to the central enelby

mlnlmum the c01n01dent pulse distribution 1nstead of belng a single
Deak alsc centered at the central energy minimum (as one mlght ‘have

expected) is a double—humped curve w1th maxima close to the energy

'peaks of the total dlstrlbutlon° If the energy curves were an

inverse picture of the mass curves, thls experlment ‘would have

‘resulted in a 51ngle max1mum at the samé energy as the gate or

' perhaps two small maxima very close to thls energy

PR

2¥3.  W. Jentschke and F. Prankl, %Z. Physik 119, 696 (19i2).
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5. Meking use of the fact that the energy ratio is the inverse of the
mass ratio (ELMl = EHMH where M and E refer to mass and energy, and
L and H to light and heavy fragments, respectively) it is poss1ble
to calculate the most probable mass ratios

6. Wide ranges in the release of kinetic energy are observed.' The

meximum variation associated with a Fixed mass ratio is about 50
Mev vhich is close to the maximum variation for the total distribu-
tion. The spread at half the maXimum probability is 20 Mev. A
corollary of this is that a 001nc1dence measurement of the energy
or velocity of the fragment pairs is needed tolobtaln the total
energy or mass distribution in any fission event. Observations of
energy or velocity of only & single fragment, even if carried out
with great accuracy, are insufficient to give this information.

T. The variatlon in the most probable total kinetic energy with mass

| ratio is shown in Fig 11.52. The interesting fact is that total

kinetic energy does not show. a linear variation with fragment mass
ratio. The maximum kinetic energy release occurs for a mass ratio

of 1.2 to 1.3 instead of for 1.0. This hump in the kinetic energy
curve‘was also noticed by KATCOFF, MISKEL and STAl\IyLlfI:')c_f_EuLL in an analysis
of fission fragment ranges (see Fig; 11.77) and has been fully con-
formed in all measurements of fragmentvenergies or,velocities done
since. v -

The results of all measurements by the back .£o-back 1onization chamber
coincidence method can be summarized compactly in a contour diagram of the type
shown in Fig. 11.53. The masses Mi and MH, the velocities VL and VH and the
total kinetic energy, Ek’ are determined at any point on this diagram through
conservation of momentum except for uncertainties resulting from variations in
neutron emission and by ionization dispersion Several types of probability
distributions may be read from this contour diagram.

The values for kinetic energy . given in these reports of BRUNTON and
HANNA2LLl and BRUNTON and ’l‘HOMI-’SONgu2 do not check within experimental error with
the values obtained by calorimetric measurements or by velocity measurements on
the fragments discussed later. This discrepancy has prompted a reconsideration

of the assumptions of the calibration method. The basic assumption has been

that fission fragments and alpha particles expend the same

2kl 5. Katcoff, J. A. Miskel, and C. W. Stanley, Phys. Rev. Th, 631 (1948).
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mass ratio.
From Can. J. Research, reference 2kl.
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Fig. 11.53. Contour diagram of fission modes of U 237, BRUNTON and

HANNA, Can. J. Research 28A, 190 (1950). The energy of the

light and heavy fission fragments is given by the rectangular
coordinates. Total kinetic energy and mass ratio are given

by the oblique coordinates. The contours represent the relative
frequency of occurrence of the fission modes. Energies in this
figure are not corrected for ionization loss. The chamber gas
was argon plus 1. 5% CO,. About 20,000 events were recorded. The
much later work of MILTON and FRASER mentioned in section 11.6.3
below (see figure 11.65) provides more accurate and detailed in-
formation on these contours.
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average energy per -ion.pair formed so that alpha particles of Known energy can
‘be used to calibrate the chamber., XNIPP and LING 25 pointed out that the energy
loss of @ slow heavy particle is due predominantly to 1<Ln111ng atoms 'so that
ionization by scoond;ty heavy p7l~lf]P% contributes a large qucriou of the
total ilonization rorvluwn” from 2 slow heavy primary pariicle clonpod in a gasﬂ
CIr Lho qecondlwy heavy pa»LJP1P jonizatioh CFF701Ony is 1ow a5 it is in
argon, thhovelall efficiency for the Producizon of o pdl%b'ié greatly
reduced fbr low»ehergies of_thé primary particle. The‘decrease in idnizgtiun
over that -expected from the energy-ionization ratio, Qb, derived from data on
alpha wavtic1e” iu referred to ds- the ionization defect. ' Because of this_
ionization .defect fission - fragments expend larger averages of CUL]UV per don-
pair in the counter gas. Furthermore theé ener”y—uon17af10n ratio of the haavy
and light fragmehts; Uy ‘and wL rcspevtlve]y, are S]LBU(LJ different.

‘ LEACHMAN246 2 has ana]y7ed 1on17atnon chamber daLa to deduPC the
faéﬁqrf lcadlng to these dlscrepancace He iound that Lo m]kg the miss- ~-yield
curvé‘derlved from ionization chanbex data apree Wl1h the radtochPmLca1 resulls
he needed an,iohization dispersion of 8 Mev per fragment (full—w1dyh at half-
mazcimum) ih the ‘resolittion of fission fragment. energies. In addition, Leachman
had to éssume'an ionization defect of 6 to 7 Mev infﬁhe'ioniZatiOn energies at
the most probable mode. The existence of the defect was confirmed by trans-
formlng the ionization Lnerby Loniouro of BRUNTON and H,AI\INAE-2 to a velocity
distribution and comparing the pos¢t10n of these distributions w1th the directly
observed single fragment velocity dlstrlbutlons. The shlft in energy from
BRUNTON and HANNA'S value is then computed rom the equation:

CME. Mmoo 28N,
S s S o (11.54)

. E, m, V.
i i i

where i.stands for! light or heavy fragment and E, m, and V are energy, mass,

and. velocity redpectively: The result of this calculation is that an ionization

2Lk5. J. K. Knipp and R. C. Ling, Phys.-Rév 8z, 30 (19F | '
2h6. R. B. Leachman, "Tonization Ylelds of Flsslon Fragmonts Phys. Rev. 83, 17 (1951).
247, R. B. ]oaghman Phys Rev., 87 hhh (1954) _ ‘l '
248, H W. umLTt and R B Leachman} Phys Rov ;9@,'183 (1956).
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defect of 5.7 Mev and 6.5 Mev were found for the light and heavy fragments,
respectively, .of U235 when the chamber gas was argon plus a few percent of COE'
ir a, is the energy/ionization.ratio for alpha particles. these figures.cor-
trespond-to.fragment-energy/ionizationiratios,\&nL-=;1.06 Oy s and:=q>H:; 1.11

. i i i ) R = 5.7 +
® o When this total energy differential of (AEL) AV +<AEH )AV 5.7
6.5 Mev = 12.2 Mev is added to the 154.7 Mev reported for the average total
kinetic of the fragments from U235, a corrected value of 166.9 Mev is obtained
in excellent agreement with the calorimetric value of 167.1 + 1.6 Mev an@ the
fragment velocity value of 167.1 Mev. , '

In this connection it is important to note that the calorimetric and

ion chamber resulté refer to kinetic energy release after emission of the

prompt neutrons, whereas, as usually treated, the velocity data give the
kinetic energy of the fragments before neutron emission. The difference is

52

and other -

2
approximately 2 Mev for U235 fission and slightly higher for Cf o

fissioning nuclei with higherw§=values. See comments of TERRELL.
STEIN25O pefformed a similar séries of velocity measurements and con-
firmed fully LEACHMAN'S analysis. Figure 11.54 ‘shows the energy distributions
of single fragments computed from STEIN'S velocity'distributions and compared
with BRUNTON and HANNA'S2A1 and BRUNTON and ‘I'H'OMPSOI\T,'SELL2 ionization data.
The shift of the two sets of data with respect to each other clearly reveals
the ionization defect. The two sets of data are compared again in Table 11.20
where the ionization defect values are given in numerical form. :
SCHMITT and LEACHMAN? ‘studied the ionization-versus-energy relation-
ship for fission fragments of U235 in_éeveral gases. The values of
ionization defect which they obtained for these gases are given in Table
11.21. HERWIG and MILLER251 héve measured relative ionization yields for

fission fragments in various gases.

11.6.2. TIIurChamber-Meésurements of Fraggent Ehergl Distribution in

Spontaneous Fission. The distribution'in the kinetic energy of fragments from

the spontaneous fission of natural uranium and of PuZMO has been determined in

a preliminary way by the ionization chamber method .22 %23  guch experiments
are difficult because of the low specific activity toward spogtaneous fission.
Plutonium-240 has a spontaneous fission rate of only 1.6 x 10~ per. gram per

hour and the corresponding figure for U238 has the much smaller value of 25.

2k9. J. Terrell, Phys. Rev. 113, 527 (1959)°
250. W. E. Stein, Phys. Rev. 1085 9k (1957).
251. L. 0. Herwig and G. H. Miller, Phys. Rev. 95, 413 (1954).
252. W. J. Whitehouse and Galbraith,'Phil. Mag. 41, 429 (1950).

253. E. Segre and C. Wiegand, "Energy Spectrum of Spontaneous Fission
Fragments", Phys. Rev. 9L, 157 (195k4).
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Fig. 11.5k. Energy distributions of single fragments from
U233, U235, and Pu239. The solid curves represent -
conversion of STEIN'S2>0 velocity data into an energy
distribution. The dashed curves are renormalized data
from double-ionization-chambér measurements of BRUNTON
and HANNA,Z2%l 'and BRUNTON and THOMPSON.Z242 Figure from
Stein, reference 250. - -
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Table 11l.21°

UCRL-9036 Rev-

Ibnizétion defect and enefgy/ionizatioﬁ ratio of U235 fission

fragments in varilous gases

[Bchmitt and Leachmen, Phys. Rev. 102, 183 (1956)]

Tonization

:’Gas , nggggnt ~defect ... .~ ® fragment/wd‘
Argon + 3% CO, _‘ Heavy 6.3%0.5 - .1.10'¢ 0.02
Light 6.5 + 0.8 1.07 +'0.02
Argon : Heavy 5.5 % 0.5 1.09 £ 0.02
| Light 5.1 0.8 1.05 % 0.02
Nitrogen ' Heavy' 5.3+ 0.5 1.09-% 0,02
Light 6.3 £ 0.8 1.07 % 0.02
Neon | Heavy 4.8 £ 0.7 . 1,08 % 0.62
o Light 4.3 + 1.0 .1.05 + 0,02
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MOSTOVAYA has nonetheless measured the fragment energy distribution in the case
254 '

of PuZAO using the double ionization-chamber techniques.
_ In the case of even-even isotopes of higher Z elements the spontaneous
fission half-lives are much shorter, as is apparent at a glance in Fig. 11.30

of Section 11.3.6. This opens up the possibility of a detailed study of fission
255

fragment energy distributions. HANNA and co-workers reported some preliminary

256

measurements on CmZLLZ using a single ionization chamber., SHUEY has studied

sznz using a double ionization chamber similar in general design to that of

241 :
BRUNTON and HANNA, =~ 1Instead of electronic pulse height analysis SHUEY used

photographic measurement of pulse height as registered on an oscilloscope to
determine ionization caused by individual pulses. One scope was provided for

each chamber and suitable circuitry was provided to make it possible to identify

256

pulses which ocurred simultaneously. SHUEY collected data on a few thousand

events and plotted a contour. diagram similar to Fig. 11.53. The principal

242
characteristics of the energy distribution in the spontaneous fission of Cm

are given in Table 11.22; the numbers quoted there have been corrected for

\
lonization defect.

SMITH, FIELDS, and FRIEDMAN?57’26O have .used the double chamber

2k

technique to collect fission fragment data for the spontaneous fission of Cm 5

2 242 252 2
Pu MO; Pu b , Cf 2 and Fm SM. These authors have also studied fragment energy

229 241

distributions for neutrons induced fission in Th and Pu

2
The isotope of most general interest has turned out to be Cf oz as it

is almost ideal for studies of this type. This nuclide has a half-life of only

254, T. A. Mostovaya, Paper P/2031, Volume 15, Proceedings of the Second United
Nations International Conference on the Peaceful Uses of Atomic Energy,
Geneva, 1958.

k2,

255. Hanna, Harvey, Moss, and Tunnicliffe, "Spontaneous Fission in sz B
Phys. Rev. 81, 466 (1951) (Letter).

256. R.L. Shuey, "Fragment Energy Distribution in the Spontaneous Fission of
Cm242" | University of California Radiation Laboratory Report UCRL-959 (1950).

257. A. Smith, P. Fields, and A. Friedman, Phys. Rev. 106, 779 (1957).
258. A. Smith, A. Friedman, and P. Fields, Phys. Rev. 102, 813 (1956).
259. A. Smita, P. Fields, A. Friedman, and R. Sjoblom Phys. Rev. 111,1633 (1958).

260. Smith, Fields, Friedman, Cox, and Sjoblom, Paper P/690 in the Proceedings
of the Second United Nations International Conference on the Peaceful
. Uses of Atomic Energy, Geneva, 1958, United Nations Publication, 1959.
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: References to Table 11.22

o o

a. ©See reference 259.
Sée“referenceAESO.
'See.reference 260.
d. See refefeﬁce'asé,

€. Shuey, reference 256.

o R

-B. P ‘Steinberg and L. E. Glendenln, Phys. Rev. 95, h3l (l95h)i
.Refer to Section 11.L4.2. - ) : o
L. Glendenln and E. Stelnberg, J. Inorg. and Nuclear Chem. 1, hS (1955)1
i. See reference 288.

J. . See .reference 26].
X. R Brandt and S. G. 'rhompson, unpu’blished data 1061.
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» Flg 11.51 whiéh shows the analogous energy dlstributlons in ‘the fission of U
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82 years for spontaneous fission and an alpha- decay -to-gpontaneous-fission-
252 Il

decay ratio of only 30. One microgram of Cf gives rise to i x 10

spontaneous fission events per minute; hence a very thin source provides a

very convenient number of fission events for rapid collection of data and

there is only a modesi background of alpnaa partlcle radiation, from which the
fission fragments can be dlscrlmlnated easily. In addition to the work of
SMITH, FIELDS, and FRIEDMAN258 the double jonization chamber technique has been
applied to Cf252 by BOWMAN and THOMPSONd6l, and by HICKS and co-workers.262
This nucllde has ‘also been carefully studled by the tlme of ~ fllght techniques
as 18 discussed below. ‘ ' o

Figure 1id.55 gives a contour plot of the results taken from an analysis
of 5000, spontaneous fission events. Fragment ‘mass dlstrlbublon, energy distribu-
tion and asymmetry . can be obtalned dllectly from thls dlagram ,It is perhaps-.
easier to ylsuallze_the.kinetlcrenergy distribution: by the plot shown in Fig.
11.56. The gross probability distribntion for the fission fragment energies
are shown and in addltlon, the dlstrlbutlon 1n the energy of one* fragment when
the energy ‘of the second is selected. ThlS flgure is s1mllar in all respects to
235
induced by slow neutrons, All the commentis made plev1ously about Fig. 11.51
apply to Fig. 11.56 as well. Again it can be noted that if the gate energy is
selected at the minimum between the two peaks the energy distribution in
coincidence does not_peak at the same energy but is a two-humped distribution

very similar’to the total distribution. Curves of this type can be obtained

- directly from the contour diagram of Fig. 11.55.

The fragment energy distributions can be converted 1nto mass—ratlo

. *
distributlons u51ng the approximate eqnallty

261 . H Bowman- and S G. Thompson, Un1vers1ty of Callfornla Radlatlon Laboratory
Report, UCRL-5038, March, 1958; see also Paper P/652 in Proceedings of the
Second United Nations Conference on the Peaceful Uses of Atomic Energy,
Geneva, 1958.

2625 chks, Ise,. Pyle, Choppln, and Harvey, Phys. Rev. lOS, 1507 (1957)
263. W. E. Nervik, Phys. Rev. 119, 1685 (1960) .

*These two ratios are not precisely the same but for the present purpose they can
be considered identical. A good discussion of the relation of these two ratiosz

is given in an appendix of a paper by Terrell, Phys. Rev. 113 527 (1959); see
also Brunton and Hanna.zul -
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11.55. Relative probabilities of Cf252 spontaneous fission
-modes. .All energies have been corrected for an ionization
defect amounting to 7 gercent per fragment. SMITH,
FRIEDMAN and FIELDS.25
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Fig. 11.56. The fission fragment kKinetic encrgy aistribution:.
for Cf252, The top curve in each case is the total dis-
tribution. The circled points indicate energy intervals
selected by 3 Mev window on gate pulses from one-half
of a double ionization chamber. The correspondingly
labelled distributions are the coincident energies measured
in the other chamber. BOWMAN and THOMPSONZ6l An ioniza-
tion defect correction of 6.1 Mev has been added to all
experimental data.
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This conver51on has been made 1n Fig. 11. 57 where.-the resultlng mass=ratio

263, The

dlstrlbutlon is compared with the radiochemical yield data of NERVIK
ionization data give a most probable mass ratio of 1.33 compared to.the value
of 1.3k obtalned from the chemlcal-analy51s.'_These data are in excellent
agreement With the time-of- flignt measurements reported in Section 11. 6.3.

‘ : It is 1nterest1ng to make an overall comparison of fragment energy data
for many flsSlonlng nuclides obtalned by the double 1onlzatlon chamber technique.
This is done in Table 11.22. We note that the‘propertles of f;ss1on are very
much the‘same'in general features for all the fissioning nuciei listed The o
total fragment energy is a slowly 1ncrea51ng function of the flss10n parameter
A /A up “through Cmg%g. At Cf252

energy for higher values of 2 /A. The mass of the most probable heavy fragmernt
) 252 3 Fa2ot.

the trend is reversed with decrea51ng total

stays constant at about lholexcept for the heaviest nuclei, Cf
To compensate for this the mass of the most probable light fragment must shift

steadily upward with the mass of the fissioning nucleus, except for Cf252 and

254

Flgure 11.58 shows a correlatlon of the total kinetic energy with the
parameter Z /A /3 '
One might expect such a correlation from! very general considerations
as dlscussed by WBZ[TEHOUSE,EQ+ by HALPERN, 265 and by TERRELL. 249 The kinetic
energy-derlves from the coulombie.energy of repu151on of two fragments at the
point of 501ss10n If the fragments are approximated, by two tangent spheres
with ratio given by r = r A /3 the final- klnetlc energy if the fragments
should be proportional to Z /r A;/3 for a given mass ratio, if the charge
divides in the same: ratlo as the mass;. if varylng mass ratios.are taken into

account the correlation becomes

26k. W. J. Whitehouse, Progress in Nuclear Physics,'g; 120 (1952).

265. 1. Halpern, Ann: Rev. Nuclear Sci.,.9, 289-291 (1959).
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| : ' : ‘ FOR Cf2%2 , _

MASS RATIO DISTRIBUTION

1.0 I 1.2 1.3 14 15 16 7 8 18 20

My <MASS HEAVY FRAGEMENT)
ML MASS LIGHT FRAGEMENT
‘ MU-19421
: e 252
Fig. 11.57. The mass ratio distributions for Cf from

lonization measuremen s and radlochemlcal yield data.
BOWMAN and THOMPSON. 2
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Fig. 11.58. Dependénce of the average total kinetic energy Ek of the
fragments (before neutron emission) on Zz/Al/S. ‘The straight line
is a least-square fit to the data. The coding on the points in the
upper portion of the figure is as follows: E , Britt's unpublished
data on fission induced by 25 Mev He3. § , data from neutron-induced
and spontaneous fission as computed by Terre11249. A§ R Brandt's
unpublished data on spontaneous fission of Fn2o™ . In the lower portion
the open triangles and open circles refer to fission induced by O16 and.
cle respectively; data taken by V. Viola et al. This figure was pre-
pared by V. Viola and patterned after the original drawing by Terrell.
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The double ionization chamber technique of establishing fission modes
can be used in coincidence with other detectors to measure other properties
ofvfission.,-Such_applications are discussed.iﬁ later sections of this
chapter. We wish also to call attention agaiﬁ"to the neat use of the double
ionization chamber technique by BOLLINGER to deduééatﬁe‘mébéFYield curve.
This application is discussed in Sgctiqn 11.4_4 ahd a sample curve is shown

in Fig. 11.39.

1;.6.3
66

LEACHMAN2

(and hence‘indirectly the energies) of the fission fragments. As is shown

introduced the time-of—flight'metﬁbd‘for determining the velocities

schematically .in Fig. 11.59, velocities #eré7meaéured by the time—ofgflight of
the fission:fragments'thrqugh‘an evacuated drift tube. 'The“ﬁime origin of each

measurement is provided by the pulse PO from the fission fragment traveliﬁg the

233 235

266. R. B. Leachman, "Velocity of Fragments from Fission of U ~-, U -7, and

Pu239”, Phys. Rev. 87, Lih (1952).
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Fig. 11.59. Schematic diagram of LEACHMAN ' 5200 time-of-flight

equipment. The time sequence illustrates that the less
frequent pulses Pl from the fragments which travel the
length of the drift tube initiate the oscilloscope dis-
Pplay, the pulses PO from the. complementary fragments are
delayed by the maximum transit time, and the mixture of 4
'Pl and PO are in addltlon, delayed for proper 0801lloscope

- presentation.
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'l cm distance from the.fission souree to the nearest anthracene scintillation
detector. The time-of-flight of ‘the comolementary fragmeht through the 343-cm
drift dlstance determines the time of occurrence of Pl’ the pulse from the
ramote detector F1551on was induced by a beam of thermal neutrons from a
reactor. In order to decrease the number of the recorded data the less Lrequenb
pulsee Pl from the remote detector were used to initiate the osc1lloscope dis-
plays of the pulses. Photographs of these sweeps were analyzed for the dlSLPl-
bution in time-of- fllght The detectors and circuits used in the experlment
'gave pulses with rise timas of «-lO-8 seconds, short compared‘to“the 0.2 to 0.5
microsecond fllght time of fragments through the 343-cm drlft distance.

LEACHMAN megsured the ve1001ty distribution of frdgments from the
fission of U233, U235, ‘and Pu 239 and compared his results with velowity distri-
butiong derived from the earlier ionization measurementsg+l 2&_ of" fragment
eneréy distributions”‘ The time-of-flight data were more satlsfactory because
of the lower dlspers10n 1ntroduced by this method of measurement and because of
the ionization defect inherent in the ion—chamber technique. The time-of-flight
technigue can achieve, with reasonable fragment flight distances, energy
dispersions perhaps half the size of those’ estlmated to be inherent in the
ionization-chamber method, Furthermore, since the time-of-flight measurements
permit the mass ratio of the fragmente to be determined from a velocity ratio,
rather than from an energy ratio, the disperSiOn in the measurement of a mass
ratio by time-offflight is slightly less than half the corresponding dispersion
obtained by the ion chamber method. The limitétion in the time-of- flight
brecision in principle lies in the effects of the fragment recoil from neutron
emission. _

LEACHMAN' and SCHMITT267 measured the velocity distribution of fission
fragments slowed by passage through aluminum or nickel absorbers and detected
fine structure in the velocity distribution of the fragments from U235. No
fine structure was observed for unslowed fragments. Comparison of this velocity
fine structure with the fine structure in fhe fission mass yield confirms the

influence of the 82-neutron shell in the fission act as distinguished from its

267. R. B. Leachman and H. W. Schmitt, "Fine Structure in the Velocity
‘Distributions of Slowed Fission Fragments", Phys. Rev. 96, 1366 (195.4).
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influence in post-fission boilfoff. No velocity fine structure was observed by
this method in the fragments from U233 and Pu239.

The usefulness of the time-of -flight technique was greatly increased by
providing for the measurement of the velocity of both fragments in a double

268-270

drift tubepapparatus analogous in conceptlon to the double ionization
chamber apparatus we have discussed previously. A schematic diagram of the
apparatus is shown ianigukllr60. A thin sample of fissionable material

mounted on a‘thin‘foil is pliaced in the center of the double drift tube. The
'velooities of the two fragments‘from a single fission event are measured by
their time-of-flight through flight paths of 269 centimeters. The flight time
for the light fragment is about 180 millimicroseconds; the timevresolution is
about 5 millimicroseconds corresponding to a’mass resolution of two to three
mass‘units. F15$10n was induced in the f1s31le materlal by a beam of thermal
neutrons. The apparatus may also be used for a spontaneously fissioning sample.
One olfflculty in this type of experlment is settlng the 1n1t1al time of fission
since nelther fragment is avallable to trlgger the recording sequence. This
problem 1s solved by utlllzatlon of the large number of electrons (about 50 to
100)" ripped out of the thin backlng foil when one of the fragments passes through
1t-on its way down the drift tube. These electrons are accelerated to a high
potential and eleetrostatically focused on a'plastic phosphor mounted on 4
photomultiplier tube. ‘This ®=ray electron detection system I produces a pulse
PO which signals the beglnnlng of the fission event with a time resolution of

5 X ‘10 =9 seconds. The fission fragments are detected in scintillation crystals
of 2-inch dlameter and 8- 1nch dlameter, respectively, mounted on photomultiplie:
tubes at the opp051te ends of the drift tubes. The larger diameter detector
correets for non-collinearity introduced by_neutron emission and by fragment
scattering in the souree, vThe time sequence of detector pulses is displayed in

the schematic diagram.

268. w E. ‘Stein, Phys. Rev. 108 9& (1957). _
269.. W. E. Stein and S. L. Whetstone, Jr., Phys. Rev. 110, u76 (1958).

270. J. C. D. Milton and J. S. Fraser, Phys. Rev. 111, 877 (1958), also published
‘as Paper P/l99, Proceedings of the Second Un1ted Natlons Conference on the
Peaceful Uses of  Atomic Energy, Geneya, 1958.

27l. W. E. Stein and R. B. Leachman, Rev. Sci. Instr. 27, 1049 (1956).
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Fig. 11.60. Schematic diagram of STEIN'5268 time-of-flight
apparatus. Pulses were amplified by Hewlett-Packard
LEOA and 460B amplifiers and delayed by appropriate
lengths of RG?/U cable. The fragment time-of-flight
is the time between the occurrence of Py and Py and that
of the complementary fragment is the time between the
occurrence of PO and Po. The P; pulses were used to
initiate the oscilloscope displays of the pulses.
Photographs of these sweeps were analyzed for the times
between pulses. The time scale was provided at fre-
quent intervals by photographs of a 504Mc/sec signal
from a crystal-controlled oscillator. '
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1 268 o
Some of STEIN'S data on the slow neutron fission of U
are shown in Fig. 11.54 and Table 11.20 which appear in Section 11.6.1.

In his paper STEIN presents contour plots of his data, from which more

and

233 235
2
Pu239

detailed correlations and deductions of fission properties can be made.
MILTON and FRASER218 repeated the experiments of STEIN on U 233 y®3
and Pu239 with 1mproved resolutlon Wthh was achleved by. use of hlgher fluxes
and improved experlmental technlque Of the 1mprovements in technlque one
feature is worth spec1al mention. In STEIN'S apparstus (Fig. 11. 60) the
fragment detectors con81sted of sc1ntlllator crystals mounted on the faces of
0 signal came from the - -ray ‘electron
detection system described above. MILTON and FRADER218 replaced the fragment
scintillation detectors with secondary electron aetectors similariip principle
to the tO,indiCator,_ This detector is illustrated in Figure ll;6l€ The
fission fragment traveled down the drift tube and near its end struck a thin
plastic foil h-inches in diameter This foil was held at -15 kv electrical

potential. The secondary electrons ejected from thls foil were focussed by

photomultiplier tubes, while the t

a simple electrostatic lens system onto.’a small area 1n the center of a
plastic phosphor, mounted on a photomultlpller tube. This phosphor was
masked from the direct fragment beam. This detection system resulted in
considerably better time resolution and cleaner discrimination from background
radiation. ' ‘

A typical single fregment time-of-flight. spectrum is shown in figure
11.62. This represents the data coming from one half of the apparatus without
reference to the other half. Figure 11.63 represents a mass-yield curve
which was computed from the measurements on pairs of fragmentsv velocities by
application of the law of conserVation of momentum. This mass-yield curve
applies to the fragments before neutron emission. ‘The radiochemical and mass-
spectrometric mass-yield curve is shown in the form of crosses on the same
figure. As one would expect the radiochemical curve is displaced to lower
mass values because of the emission of neut?ons from the fregments. In
addition; however;.there arestriking differences. in the,fine.structure effects
in the two curves for which there is noclear explanation. Merely from the
fact that there is a strong preference for certain masses in the prompt mass-
yield curve one concludes that there is preference in the mass split due to
something basic to the splitting process. Ih addition there must be shell-

influenced factors involved in the post-fission process of neutron emission.
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Fig. 11.63. ‘The prompt mass- yleld curve computed from coincident

© .velocity meagurements of U“ 235 rission- fragments. From MILTON
and FRASERZ1O, The radiochemical:and mass -spectrographic data
are shown as crosses for comparison. The .upper portion of the
flgure ShOWS the distribution in Kinetic energy The ‘dotted
‘line is”the result .of- correcting.for -experimental resolution.
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Certain average quantities are summarized in Table 11.23, while
Figure 11.64 shows the single fragmentvkinetic energy distribution.

The figures shown up td_this point deal with average distributions
and do not display all the deteiled information which the‘coincident measure-
ment of velocities provides. This information 15 presented most compactly
in the form of contour %lots or two-dimensional probability distributions,

P (Vi, VH)- _Such distributions can be displayed directly in terms of the

experimental quantities, VL and VH’ or in terms of any pair of quantities

calculated from them. For many purposes the most useful pair of variables

.Mis the fragment mass, either Mi or MH’ and the total kinetic energy EK. We
display the results in the form of such P (Mi, ET) contour plots in

Figure 11.65. .

The wiggles appearlng in these plots are statlstlcally significant
and indicate fine structure in the energy release,. The structure is related
to fine structure in the prompt mass-yield curve. It is'most obvious at
high total klnetlc energies where the excitation energy is least. In fact
the flne structure seems to be mainly determined by the inhibition of fission

owing to limitations on the amount of available energy. This idea can be

testedfby.calculations.based on modern mass eguations.zYo The total energy

release so calculeted as a function of mass split ihto even-even products
has fine structure in it rather similar to the fine structure in the experi-

mental kinetic energy for the highest energy contours.

MILTON and FRASER21 suggest that when fission occurs at low total
excitation energy there is a preferential selection of the even-even set of

fission fragments and that this is respon51b1e for the fine structure. (see
also the comments of VANDENBOSCH and THOMAS 272)

It is possible to display the fine structure in the kinetic energy
spectra in a more dramatic way. To do this we quote from a paper of GIBSON,
THOMAS, and MILLER273>who used p-n Jjunction semiconductor particle detectors

to make simultaneous measurements of fission fragment energies in the thermal
fission of U - Figure 11.66 shows the very pronounced structure observed

when the 1ight'fragment energy was held to a fixed value and the kinetic
energy of the coincident heavy fragments was displayed. When the light
fragment energy was less than lOO Mev there was no fine structure, while at
the hlghest total klnetlc energy, correspondlng to final fragments formed at
low excitation energy, the structure is very pronounced.

272. R. Vandenbosch and T. D. Thomas, Bull. Am. Phys. Soc. 7, 37 (1961).
273. W. M. Gibson, T. D. Thomas, and G. L. Miller, Phys. Rev. Letters 7,
65 (1961).
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Table 11.23

Avéxagé QUantitieé in the Slow Neutron Induced Fission of U

233 235
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239

y and Pu

(MILTON and FRASER, Can. J. Physics, 1962)

Brotal

°E, Total

EHeavy

Ex

ELight

%EL

VLight (cm/nisec)
06, Light (cm/nseé)
VHeavy (cm/nseé)
%, Heavy (cm/nsec)
M ight

MHeavy

233

"167.6 £ 1.7

J1l.z

67.7 £ 0.7

7.3

99.9 t 1.0
6.2

1;422

.068

1,963

.070

k.57
139.43
5.85 |

68.4

235"

168. 3

1.4

+

75
99.8

H+

6.0
1.409

.062
0.966
.071
96.08
139.92
5.77

H

1.7

pu23?

:175.0 £1.7

12.2
73.2 & 0.7
8.2

101.8 £ 1.0

6.4

1.392

.068
1.001
.076
100.47
139.53
6.36
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Single fragment kinetic energy distributions. The

crosses represent the average heavy fragment energy as a
function of the light fragment energy.
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At this point. we should like to refer back to .Figure 11.63.and to -
discuss the upper portion of thaf,figure vherein the average total kinetic -
energy is plotted. as a function of mass;“.The:statistical erroernfMILTON-and
FRASER'S data. for the rare events néer symmetric mass division was suffieiently
low to establish beyond question the. reality of the pronounced dip.in kinetic
energy release for near-symmetric fission. Analogous results were'observed in
the fission oﬂ;U233>and.Pu239. _ Lo TR ! .

The question now-arisés whether this dip in kinetic.energy can be: cor-
related in some way with the masses’ of the fiséion'productsﬁcomputed from a .
modern mass equation.  As a first approach to such. a correlation MILTON and
FRASER computed: from CAMERON'S mass_formulaQTh the maxinum possiblé energy
releaSe-for;a_given mass ‘and assumedjthat?thiS'was also:the average energy
release.y'BefOre ﬁhiS»COmputed a&erage energyarelease.can.beﬁcompared with
the experimental»total fragment energy,'it.must be corrected for the energy -
removed -in.the- form of gamma radiation and kinetic plus binding-energy of the
neutrons. The general equation eOVering this correction is‘

Bemy = Bpop - ¥ (Egy *+. Eyy) - E, (11.57)

where E  is the neutron binding energy,
: Eﬁn is ﬂheﬁneutron'kineﬁic energy, and .

,Ey is the "y—ray_energy

Ekﬁ and E ) do not vary- strongly with mass number and sultable values
such as 1.2 Mev and 7.5 Mev can be substituted for then. The trlcklest _
decision concerns the choice of V- varlatlon with fragment mass. Experimental
and emplrlcal analyses Of V- varlatlon are dlscussed in Sectlon Al. 7 3. It
is well establlshed that there is a strong varlatlon of V. with fragment mass
and MILTON and FRASER concluded from an analysis by TERRELL 215 (see for
example Flgure 11.90 below) that 4 depends more upon the fragment mass than

upon the nucleus underg01ng flss1on, i. e, that v -variation. Wlth mass may be

27k . A G. W. Cameron, Can J. Phys 35, 1021 (1957) N
275. J Terrell Neutron Ylelds from Ind1v1dual F1$Slon Fragments 5 to be.
submitted to Phys Rev., 1962
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read from a universal .curve applicable to all fissiohing nuclei.  This as-
sumption was then used to evaluate E,.. -from the above formula .at each mass
. e 233 235  Kifoog | e ‘
split for fission of U ~~, U"7, and Pu " and for -spontaneous fission of":
Cﬂg52-{ The fesults are shown in Figure 11.67. - The agreement between the
experimental and theoretical points isrunexpectedly good. This. agreement
does not prove the validity of .the assumptions; but.if the analysis is. cor-
rect, we cén-summarize the explanation of the dip in total fragment energy
for symmetric.fission by stating that because of shell effects symmetric
fission of U233 : 235, and Pu239 produces fragments with a large excess. of
excitation. energy which results.in the.emissioniof a larée-numberuof neutrons.

MILTON and FRASER tried a Second approsch to anexplanation of the
centrel,dip in the kinetic energy_curve of -Figure 11.63. In this calculation,
they - abandoned the assumption that excitation-energy was a function of
fragment mass and on the contrary assumed it to be equal.to the measured
average excitation energy. (23 Mev in the case of U?35) for all fragments. The
decrease in kinetlc energy is then attributed. to a decrease in totel energy -
release caused by an unfavorable charge splitting. The total .energy release
was calculated from a modern mass equation (namely CAMERON'S) for a variety
of charge divisions until the most probable charge Zp required to give the
observed kinetic energy was found. MILTCN and FRASER.plotted a curve of the
resultant Zp values és a function of mass number and found it in agreement
with WAHL'S emplrlcal Zp curve based on radiochemical data WAHL’S curve
is presented above in Flgure 11.47. The trend of the Zp curve indicates that
at ho time does the heaty fragment reduce its charge below the proton closed
shell of 50. | ' ” ’ | 8 B

o Further research is required before a clear choice can ' be made between
alternate explanatlons of the kinetic energy dip. Such research must reveal
more definitely the charge and excitation energy content of fragments in rare
modes of fission. - - - ’

To complete the discussion of MILTON and FRASER'S fragment velocity
studies, ‘we ‘in¢lude Figure 11.68 which shows average velocities and average
energies as a function of mass. Such curves are important for the measure-
ment of certaln propertles as a function of mass, such as the radiochemical

measurement of ‘the range of spec1flc fragments in varlous materlals, dis-

cussed in the following pages.
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Velocity measurements have also been made
252. The time-of-flight detection
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269?270 on the fragments

emitted in the spontaneous fission of Cf
equipment has been used in connection with neutron269 and gamma-ray detectoréyYo
to measure neutron multiplicity and gamma-ray spectra coincident with specific
modes of fission characterized by total kinetic energy and mass ratio of the
fragments. These measurements afe sume rized later in this chapter. We
present here Figures 11.69 and 11.70 which show, respcctively, the single
fragment time-of-flight spectrum of Cf252 and the prompt mass-yield curve for
Cf252 deduced from the simultaneous measurements of the velocities of both
fragments and from conservation of momentum. ~The results are compared with

NERVIK'S radiochemical data.

’ ment 2 s?ifThe calculation of the
interaction of fission fragments with mattef is a'ﬁif%icUlt undertaking as caﬁ
be seen by considering the process invonly moderete detail. ~At the time of
scission the fragmants&are acceleratédlto‘qnite high-velocities._ These frag-
ments are highly charged due to serious disr&ption of the uranium electron
cloud during the fission pfocess. As early as 1940 PERFILOV276'measured the
deflection of fission fragments expelled from thin layers of U308 and repg$$ed
a net charge of about 20. The later measurements of COHEN and corworkers
show that the, most probable electronic charge of a Z£97 fragment is 21 units.

Due to thié charge the fragments ionize and excite atoms which are at some
distance from the fragmeht path and thereby lose energy. Some of these electrons
are captured by thevfragment and the net charge of the fragment is gradually
reduced. Occasionally thee afe direct collisions with atoms resulting in a
complicated rearrangement of the electronic system of the fragment and the

struck atom. These nuclear encounters in which kinetic energy is imparted to
the stopping atom as a whole play an important part at the end of the range.

As the fragment slows down at the end of the range its average net charge will
tend to decrease and eventually reach zero, when only close collisions will be
of any importance in reducing the fragment energy to the thermal equilibrium
value.

276. N. A. Perfilov, Compt. rend. Acad. Sci. USSR 28, 5 (1940).
277. B. L. Cohen, A. F. Cohen, and C. D. Coley, Phys. Rev. 104, 1046 (1956).
¥ The subjéct matter of this section was reviewed by G. N. Walton, "Fission

Recoil and Its Effects", Prog. Nuclear Phys. 6, 193-232 (1957).
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measurements on a single fragment at a time.

These data represent
The upper part of

the curve shows the gamma-ray yield as a function. of 51nole—
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This slowing down process would be very difficult to calculate for a
single fragment species with a wgll defined initial energy and charge. This
calculation is all the more difficult for the fission fragmentsAwhich consist
of a wide variety of products. Even when a single species is considered there

1s an appreciable dispersion in energy and net charge. COHEN, COHEN, andiCOEEY277

used magnetic analysis to study the charge and energy distribution of Zr97
fragments ejected from a thin film of uranium and found a width of 11.4 percent
for the energy distribution corrected for broadening due to prompt neutron
emission. -STEIN268 found the  somewhat lower value of 8.1 percent from an
analysis of the veloc1ty dlstrlbutlon of fragments of mass. 97, MILTON and -
FRASER218 from s1m11ar measurements found a value of 12.2%. From COHEN' 8277
work the most probable charge for Zr97 fragments was 21 but large percentages
of charge-states 20, 22, and others were present.

There are important qualitative differences between the energy loss of
fission fragments and alpha particles along their ‘range. Due to the slower
velocities and contlnual decrease in net charge of fission fragments the
ionization sharply decreases along the range in contrast to the case of alpha
particles or protons which exhibit an increasing ionization. with decreasing
velocity. At the very end of the range of fission fragments the energy loss
due to nuclear oolliSion increases. In alpha tracks observed in cloud chambers
nuclear branching.due to nuclear collisions is rare, occurring only once in
several thousand tracks. Nuclear scattering is prominént in fission fragment
tracks and sometimes occurs repeatedly in a single track. V

Theoretical'ﬁreatments of'the.energy’loss of fission fragments have

278-281

been made by several authors with reasonably good success as far as the

278. N. Bohr, Phys. Rev. 58 65M (1940); 59, 270 (1941); Kgl. Danske.
Videnskab. Selskab, Mat.-fys. Medd. 18, 8 (1948).

279. W. E. Lamb, Jr., Phys. Rev. 58, 696 (1940). |

280. J. Knipp and E. Telier, Phys Rev. 59, 659 (l9hl), see also Brunlngs,
Knipp and Teller," Phys Rev. 6o 657 (1941). _

281. ©See general rev1ew_of Bethe and Ashkin and Vol. 1 of "Experimental'
Nuclear Physics",‘edited by E. éegre, John Wiley and Sons, Inc.,
New York, 1953. o7
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general features go. It is beyohd ‘the séope_of our review to discuss these
theorics and we'limit dursélves fo a few commeﬁts about the results due to
pomR, <1 | | |

. APcordLnL to BOHR'S development the total energy loss per centimeter is

expressed as:

ok _ ‘ 3 i MM, v
3 } V=N oy .
_l]\? dE _ [te Zeff)d 7 o 1.153 nv + ll Z 2 lOb lr_.' . (JJ . 58)

- Z [} E) E
vdx mv 1 z wez-Ziff M v2 2 M1+M v 2

The tcrmc in th1s expression have Lhese meanlngO'
N is number of atoms of the stopping medlum per cubic centJmeLel

NH and M2 are the masses of the fragment and of the aboorber.

Zl and Z are the charges of the fragment and of the absorber.

e 1is the electronic Lharge and m 1s the electxonlc mass

v is the fragment velocity
eff

Zl ~1s the effective charge of the fragment; at the beglnnlnb of the
range this quantity is about 20.
ai;r is an impact parameter which tells at what distance the energy loss

in nuclear collisions is effectively zero owing to the screening
of the charges of the nuclei by atomic electrons.

= I/4 is an average oscillation frequency of the electrons in the atom.

The first term expresses the energy loss attributable to electronic,excitation
of the absorber atoms while the second describes the transfer of energy by
nuclear collisions. At the beginning of the range,where Zeff is aboul 20, the
electronic term is dominant but toward the end of the rang@ when Z : drops
Loward 2,the fractional contribution of the nuclear term rlses rapidly and
becomes more important. When protons or alpha particles are stopped in matter
the nuclear sqattering never becomes importantybecause of the low valué of Zl'
The greater importance of nuclear scattering in the total range of hesvy frag-
ments has the impbrtant consequence that the range will ‘show an appreciable
straggling. The dissipétioh of an appfeciable fraction of £he'total kinetic
energy by nuclear scatterlng also accounts for the 1onlzat10n defect thCh i5
discussed in Section 11.6.1. In stopplng gaseg such as argon commonly used

in ionization chamberé, several Mev of kinetic energy may be lost in the motion

of recoiling atoms which do not lose electrons but remain neutral.
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A critical step in the application of the Bohr relation is the evalua-
tion of Z . As the fragment passes through matter it contlnuously gains and
loses electrons and it is very difficult to calculate the equlllbrlum charge at
every value of the kinetic energy. BOHR assumed as a.flrst approx1matlon that
the fragment loses all of its electrons whose orbital velocity is smaller than
the velocity of the fragment itself. This assumption has been commonly used in
evaluating this and related equations. More recently FULMER and COHEN282 have
measured the equilibrium charges of fission fragments of a variety of fragment
masses and velocities by nagnetic analysis of fission fragmentslslowed by gases
at various préssures. Their results indicate that BOHR'S assumptlon is only a

283,2
rough approx1matlon An earlier study by LASSEN 83,28k

also gathered data on
the varlatlon of equlllbrlum charge w1th gas pressure. SR

We turn now to a discussion of experimental data on the stopplng of
fission fragments In the first years after the discovery of flSSlon " a number

285

of authors studled the mean ranges of the two main groups of flss10n products.
Ranges were measured in air, in various gases, in plastic films, alumlnum and
. various other materials. These studies indicated a maximum range of about 2.0
cm air equivalent for the heavy group and 2.5 cm for the light group.
' From studies carried out by the cloud chamber technique, B¢GGILD and
co~- worker5286 287 determlned the mean ranges of the fragments in the gases listed
in Table 11. 2k,

LASSEN“88 studied the ionization produced in an ionization chamber by

fission fragments after passage through various amounts of the chamber gas and

thus obtained a differential ionization curve along the range. Measurements

282, C. B, Fulmer and B. L. Cohen, Phys. Rev. 109, 9k (1958).
283. N. 0. Lassen, Phys. Rev. 69, 137 (1946).

284. N. O. Lassen, Kgl. Danske. Videnskab Selskab. Mat-fys. Medd. 26, No. 12
. (1951); see also Vol. 30, No. (1955) C o e L

285. See for example the references and discussion. .given in .Ref. 353 below and
the review artlcle of L. A, Turner Rev Modern Phys 12 23 (l9h0)

286. ‘Bogglld Arroe, and Slgurgelrsson Phys Rev: 7ll‘281 (l9h7)
287. Bﬁgglld Mlnnhagen and Nlelsen Phys. Rev. 76 988 (l9h9)
288. N. 0. Lassen, Dan. Matt Fys. Medd. 25, No 11 (19&9).

R T S .
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Table 11.24

. . ‘ . ‘-- --. o L . 2»3— .
Mean Rangé of Fission Fragments of U™

Air v Hydrogen ) Heliuﬁv, vvaréon Xenon
(mm)  (mm) - (rm) © (mm) Qmu) 
Lig}:lt fragment ~  25.L 2.1 28 239 “ f 23
Heavy fragment 19;5 - 7.7 . 23 - . ; 19.4 o ..18
_  (Total range) J+u.9" 38.8 51 o433 o

Yaluei for air taken from Bﬁggild, Minnhagen and Nielsen, Phys. Rev. 76, 988
1949). : o o -

Other values taken from Bﬁggild, Arrﬁe,‘and Sigurgeirsson, Phys. Rev. Tl, 281
(ou7). | - ‘ '
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were made in argon, xenon, hydrogen, deuterium and helium. Such measurements
show clearly the predicted rapid drop in specific ionization during the first
part of the range where electronlc 1nteractlons are domlnant By combining
his results with experimental range values of others and by use of that part
of BOHR’s stopping formula which should descrlbe the nuclear collision part of
the energy loss expression, LASSEN constructed ‘curves such as that shown in
Fig. 11.71 showingleﬁergy'loss aiong,the entire range. The ionization defect
effect was not found until later and a proper correction of the data would
change LASSEN'S curves somewhat, as FULMER289 has pointed out. ‘

FULMER289 meaeured‘the energy of fission fragments after passage through
various thicknesses of-absorbers. The energy measurement was made with a CsI
séintillation: detecfor whose pulse height-versus-energy curve was well cali-
brated by reference to the data of LEACHMAN end SCHMITT. 20 These latter .
authors used the very accurate time-of-flight technlque (Sectlon 11.6.3) to
measure the velocity distributions of fission fragments of U255, U 233 and Pu259
which had passed through a thin metallic absorber. Three absorber thicknesses
of aluminum,. two of nickel,. one: of gold and one of platinum were used..

235 into light and heavy groups by

FULMER289 separated fission fragments of U
means of a megnetic fission fragment spectrometer placed close to a research
reactor. These selected fragments were reduced in energy by passage through
gaseous or metallic stopping materials and then allowed to impinge on a CsI
scintillation crystal. The data.are summarized in Figs. 11.72 and 11.73.

These figures show the energy of mediaﬁ-mass light and heavy fragments as a,.
function of the thicknesS of absorbers through which they have paseed. The
intercepts of these curves on the zero energy axis are based on the radiochemical
range measuremehts of - SUZOR291 and of KATCOFF, MISKEL and STANLEY292 cited
below.

2 . .
In a related series of measurements FULMER and COHEN 82 used their high

. 2
resolution magnetic spectrometer to measure the equilibrium charges of U 55
fission fragments as a function of veloeity after passage through an absorber

gas. The results are summarized in Figs. ll.7h and 11.75.

289. C. B. Fulmer, Phys. Rev. 108, 1113.(1957).
290. .R. B. Leachman and H. W. SChmitt,vPhys. Rev. 96, 1366 (195k4).

201. F. Suzor, Ann. de Phys. 4, 269 (1949). A

292. S. Katcoff, J. A. Miskel and C. W. Stanley, Phys. Rev. Tk, 631 (1948).
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Fig. 11.71. Energy loss curve for fission fragments stopping = .
in hydrogen and deuterium. Curves were constructed by LASSEN288
from his experimental measurements and the N. BOHR energy loss
formula.278 The open circles are the experimental values found
in Hp (after normalization) and the full circles are the corres-
ponding values in D2. Data uncorrected for ionization defect;
see reference 289. '
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CFig. 11.72. FULMERYSZ89 curves showing energy of median-mass

light fission fragments of U235 (magnetically selected)

as a function of range in various materials. The residual
energy after traversing the absorber was measured by a Csl
(T1) scintillator.
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11.73. FUIMER'S 289 curves showing energy of median-mass
heavy fission fragments of U235 (magnetically selected) as
a function of range in various materials. The ordinate
shows the residual energy of the fragment after traversal
of the absorber. '



-252- v - UCRL-9036-Rev.

S —HeavY FRAGMENTS

N

" HYDROGEN —

JZ.E.

@ HELIUM —
g N\
8
[e]
[ =
S
S 10
K] .
§ \) LIGHT FRAGMENTS IN
< v ARGON
5 \Q\ AIR
s ' HYDROGEN
2 / N— HELIUM
3 / /
3 - /
3 5
w
o v
0 A 2 3 4 5 6 7.
VELOCITY (V)

MU-18841

Fig. 11.74. Egquilibrium charges of median-mass light and
~ heavy fission fragments as functions of velocitg in
various gases as measured by FUIMER and COHEN ., 202
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Fig. 11.75. Equilibrium charges of unslowed fission fragments
C as functions of atomic number of’ stog;ging gas. Solid
lines are data of FULMER and COHEN,-_Z broken lines are
data of LASSEN.288 Figure by FULMER and COHEN.202



UCRL-9036-Rev .

-25k4-

~ ‘Radiochemical studies of the range of specific fission fragments have
been carried out. 1In one type of experiment the fragments are allowed to
penetrate a stack of thin foils which are dissolved separately and analyzed
radiochemically for specific fission products. FINKLE, HOAGLAND, KATCOFF, and
SUGARMAN295 studied tne ranges in aluminum of light fission products from the
slow-neutron induced fission of U255. SUZOR291 studied the ranges of TelBg,
Mo?2 97 235

, and Zr fission in several foil materials. He studied the

from>U
effect of slow neutrons and fast neutrons. Some of his results for aluminum
are glven in Table 11 25. SUZOR made & very careful determination of the shape
of the range curve and gave a good descrlptlon of the factors - 1nfluenc1ng range
Straggllng He also studled the stopplng power: of several materials relative

to aluminum. ALEXANDER and GALLAGHER294 measured several ranges in aluminum
and compared them with the" results of previous studies. When‘plotted on one
curve the data shown in Table 11.25 form a smooth curve provided the numbers of

FINKLE, HOAGLAND, KATCOFF a‘ndeUGARMAN295 are multipliea by the factor 1.08k.

A more detalled radlochemlcal study of flss1on fragment ranges was made
by KATCOFF, MISKEL, and STANLEY 292 who studied the ranges of twenty individual
nuclides with mass numbers-between 83 and 157 formed in the slow neutron fission
of Pu259. Collimated fission fragments passing through air at 120 or 140 mm
pressure were deposited after being stopped by the air on a series of 1k
extremely thin Zapon lacquer films. These foils were analyzed radiochemically
for individual fission products. The corrected activities were plotted against
distance traversed yielding differential range curves whose widths at half
maximum were 11.7 * 1.3 percent. (See Fig. 11.76). This range straggling can
be attributed to a distribution in the initial energy of the fragments, to an
experimental dispersion caused by the analytical method, and to true range

straggling attributable mainly to the nuclear collision part of the stopping

29%. B. Finkle, E. J. Hoagland S. Katcoff, and N. Sugarman Papers 45 and L6,
"Ranges of Fission-Recoil Fragments of Known Mass Numbers" in "Radio-
chemical Studies -— The Fission Products", Div. IV, Vol. 9, McGraw-Hill
Book Co., Inc., New York, 1951.

294. J. Alexander and M. F. Gallagher, Phys. Rev. 120, No. 3, 874-886 (1960).
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Table 11.25
235

Ranges of Specific Fission Products in Aluminum. U +slow neutrons.

Extrapolated

Fission v range., . ‘
product (mg/cm”) ’ ~ Uranium target . Author
2l 4.20° U on Wi backing |
.27 " U on Cu backing
pel3? 3.62 _ - Uon Ni backing 7 Suzoro?t
3.55 , U on Cu backing
99 X s
Mo~ L,27 U on Cu backing
5r99 41z )
Sr_9l 4.02 :
111 : : Alexander
Ag - -3.51 ‘ U on Al backing and 29
115- : : ' _ Gallagher
cd 3.33
3 '
= 3.37
) : :
Bg™ 1O 2.98
8 : ‘ :
5r°7 374 )
7r7? o 3.6k
10 '
Ru~ 3 3.57
: Finkle_ .
1z . ;
P42 3.34 ? ‘U on Pt backing et a1.293
1 . ' ‘ '
I 31 3.16
1! .
pat0 2.75
cel™ | 2.69
RE  2.54
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Fig. 11.76. Differential range curves for typical fission
products as determined by KATCOFF, MISKEL and STANLEY.Z29Z
The ordinate for each curve is entirely arbitrary. '
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process. The major part of thevobserved straggling is caused by the first
of these factors. ‘

The activities found beyond each distanée.werevplotted against )
distance yielding integral range curves from which mean and extrapolated
ranges could be derived. These ranges are tabulated in Table 11.26 and
presented graphically'in Fig. 11.77. The most striking feature of this
figure is the dip in the center which suggests that the division of the
nucleus into two equal fragments minimizes the kinetic energy release.
Similar dips are seen in the ionization chamber measurements of‘kinetic
energy and timenofnflight‘measurement of the velocities of the fragments as
can be seen in Figs. 11.52 and 11.61, respectively; however, the mass re-
solution of these other methods is somewhat poorer so.that the dip and the
interpretation are less definite.

PETRZHAK and co-workers measured ranges of U 238 (“ef 295) and 33
ref. 296) fission fragments in several gases by an experimental technigque
closely resembling that of KATCOFF, MISKEL and STANLEY.292

for U233 fragments are summarized in the Table 11.27.

Their results

NIDAY297 has remeasured ranges of about. 20 selected fission products
of U235 by an integral range technique. A foilf‘ of U235 was irradiated
"with slow neutrons and those fission products which escaped:from ;the uranium
were caught in an aluminum catcher foil. The thickness of both the uranium
and the aluminum foil was greater than the range of the fragments so that
only those fragments formed in a thin surface layer of the target foil
escaped intc the catcher. Qualitative radiochemical analyses were made of
specific fragments in both foils. From the relstive amounts of specific
fragments in both foils, and from the thickness of the uranium foil it was
possible to compute the range of the product in uranium metal. NIDAY'S
results are given in Table 11.28 and Fig. 11.78. The shape of the curve is

very similar to that of Fig. 11.77. One interesting result, which does not

295. K. S. Petrzhak, E. C. Nikol'skaya, Yu. G. Petrov and E. A. Shlyamin
Radiokhimiya 1, 227 {1959).
296. K. 8. Petrzhak, Yu. G. Petrov and E. A. Shlyamin, Sov. Phys JETP 11
No. 6, 124k (1960).
297. J. Niday, Phys. Rev. 121, 1471 (1961).

¥ Foils of normal uranium and of "uranium enriched in U

235

were used.
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Table 11.26

Extrapolated and mean ranges of plutonium fission fragments in normal air,
and the straggling as indicated by the widths at half-height 35
the differential range curves. KATCOFF, MISKEL and S T

Normalized

W

(134) 43-min. Te . 2,180 - 2.0k 11.
140 12.8-day Ba ~ 2.080 1.92 12,
143 33-hr. Ce 2,060 1.8 - 11.
149 47-hr. 61 1.977 1.82 13.
(157) 15.4-hr. Eu 1.949 1.79 15.

oo W W
=P o
w DN O W

v extrapolated Normaliied Average width at
Mass - range mean range half-maximum
number Isotope (cm) : (cm) (percent)
83 . 2.h-hr. Br 2.895 2.63 134 % 1.5

91 © 9.7-hr. Sr 2.738 2.55 11.4 + 0.7
92 . 3.5-hr. Y = 2.717 2.55 10.5 * (0.6)
93 - 10-hr. Y 2.697 2.53 10.1 % 0.7
(94) - 20-min. Y - 2.687 2.52 10.5 £ 0.7
97 17-hr Zr 2.661 2.50 10.7 £ 1.1
99 67-hr. Mo 2.635 2.48 10.8 £ 0.5
105 36.5=hr. Rh . 2.587 2. 42 11.h £ 0.6
109 13.4-hr. P4 2.508 2.36 10.7 £ 0.9
112 - 2l-hr. P 2. 416 2,24 ©13.4 % (0.2)
117 1.95-hr. In 2,246 2,08 10.1 + 1.7
127  93-hr. Sb 2.248 2,09 11.9 + (1.3)
129 h.2-hr. Sb 2,243 2.09 12.5 + 0.5
132 - 77-hr. Te ' 2.198. 2.05 11.5 * 0.6
133 60-min. Te 2.180 2.0k 11.8 * 0.8
b +1.3
6
.8
1
1
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Fig. 11.77. Extrapolated range (76 cm pressure, lSOC) .of

plutonium fission fragments in air as a function of
mass. Figure from KATCOFF, MISKEL, and STANLEY.Z92
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Table 11.28

Integral ranges of fission:products of UZ35 measured in uranium metal
J. Niday, 997 |

: ' ' . Range Stagda?d
Mass Number of . deviation

Element number. : determinations ) mg/cma a
As 7T 1 : 12.9 0.2
Rb’ ' ' 86 1 10.5 0.1
S & 89 6 11.55 10.05
Sr e 90 1 ©11.9 0.3'
Sr, Y 91 3 11.5% 0.07
Y ‘ 93 | 1 11.35 0.08
Zr 95 2 11.36 0.0k
Zr o 97 2 11.36 0.03
Mo . 99 7 1117 0.06
Ry N 103 2 11.28 0.08
Ru - - 106 2 10.94 - 0.10
P4 ' ;09: 2 10.14 0.
Ag T 2 9.7k 0.
Pa 1 2 9.61 0.05
cd ‘ 115 3 9.52 0.09
sn 125 3 9.1L 0.09
Sb, Te o127 3 - 9.58 0.06
Te o 129m 2 9.75 0.03
Te - _ 132 3 - 9.63 0.03
Cs - 136 2 - 8.36 0.06
Cs 137 2 §,18 0.06
Ba 1o o 8.7k 0.05
Ce 1h1 3 8.55 0.06
Ce , 143 " 8. 42 0.0k
Ce | 1k 2 8.37 0.11 .
Na 147 1 . 8.07 0.05
Sm ' 153 1 743 0.07
Eu’ . 156 1 7.1 0.1
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have an obvious explanation, is the low values of the ranges for 05136 and

Rb86, both of which are "shielded" nuclides. Their ranges fall about 10
percent “below the curve. ' ' ' o

The abnormally low range for 05136 was confirmed by BROWN ‘and OLIVER
136 ast37 140

, and Ba”  1in aluminum'by use of an

298

who rechecked the ranges of Cs
.1ngenious anod121ng technique to. strip thin layers from a thick aluminum
foil. The mean ranges measured in their experiments were. 2 6k, 2.91, and 2.82 .
mg/cm2 for 05136, Csl37, and Baluo, respectively. The percentage full-widths-
at-half-height of the Gaussilan-shaped range distrihutionsiwere 7.7, 1750,

and 17.5 respectively. By application of a range:energy relationship the
authors computed a kinetic energy defiCit of 21 Mev for fission events

leading to. 05136

compared to a normal total of_kinetic energy for flSSlon
events leading to mass 136 in the heavy fragment.
The authors compute that this deficit can be.accounted for by two
con51derations | | o
(1) Cs

associated w1th events which involve greater than average neutron emission

136 is neutron deficient (for a fission. product) and hence is

which 1mplies greater than average internal excitation and hence less kinetic
energy. '
‘(2) The charge division required to produce the shielded nuclide

136

Cs is much different from the most probable charge distributions, hence
~ there will be &’ smaller total energy release. _ ‘

: ALEXANDER and GALLAGHER29u,carr1ed through a series of experiments 1n
which the penetration of selected fiss10n products through a stack of thin
collector foils of aluminum and gold was measured radiochemically The data
were used to derive average ranges and relative rates of energy loss in the
two materials In addition, by combining these radiochemical data w1th the
velocity data of LEACHMAN and SCHMITTQ99 on fission fragments which had
penetrated various thicknesses of absorber ALEXANDER and GALLAGHER29[lL were
able to construct. curves show1ng range versus -velocity and range versus-energy
for fission fragments of median-light mass and median-heavy mass.z_This is an

important paper.for'those who use range measurements'on fission fragments or

298. F. Brown and B. H. Oliver, Can. J. Chem. 38, 616 (1960).
299. R. B. Leachman and H. W. Schmitt, Phys. Rev. 96, 1366 (195k4).
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other heavy energetic charged ions as a way to determine the energy of such
ions. The curves derlved by these authors are, appre01ably dlfferent from
those of FULMER 289 given in Flgs ll 72 and 11.73. HARVEY3OO

2 general review of recoil measurements.

also contrlbuted

11.6.5 Calorimetric Measurement of the Energy Released in Fission.

301

In 1940 HENDERSON made a calorlmetrlc measurement of the energy released
1n a 13 gram sample of metalllc natural uranium when the sample was 1rrad1ated
with moderated neutrons from a berylllum target bombarded w1th protons He
obtained a value of 177 Mev + 1 percent per fissioning nucleus. ‘

o In 1955 LEACHMAN and SCHAFER3O were able to repeat the measurement
under con51derably more favorable condltlons and obtained a value of 167.1 +
1.6 Mev. LEACHMAN and SCHAFERBO used a differential type calorimeter
employing a null indicator for heat measurement. To determine both the heat
produced by the fissions and the number of fissions producing the heat a
combination of a calorimeter and a fission pulse counter was used. ’The
number of thermal neutrons pass1ng through the sample was determlned by small

35 monltor f01ls placed in front of and in back of the calorlmeter The
amount of heat released in a 220 mg sample of U 235 (93 percent isotopic
purlty) was determlned by the amount of electrical energy required to heat
the sample to the same temperature. The Uncorrected result indicated 170.1
Mev + 1.0 Mev per Fission. The possible contribution of beta-particles,
gamma—rays, and neutrons to the observed heat release had to be considered.

It was calculated that energy supplled to the calorlmeter by ‘gamma-rays and
neutrons was negligibly small For the beta rays a correctlon of 3.0 + 1 Mev
was estlmated The final result was 167 1+1. 6 Mev It is gratifying that
thls agrees so well w1th the value of 167.1 + 2 Mev determined by LEACHMAN3O3

by velocity measurements of fragment veloc1t1es It is significantly larger

300. B. G. Harvey, Ann’. ‘Rev. Nucl Science lO, 235 (1960)

301. M. C. Henderson, Phys. Rev. 58 774 (1940) ' _
302. R. B. Leachman and W D. Schafer, Can. J. Phys. 33,.357 (1955) .
303. R. B. Leachman, Phys Rev. 87, Bhl (1952) | |
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than the value of 154 .7 originally reported by BRUNTON‘and HANNA3OA from
‘ioniiétion.chamber méééureménﬁs aﬁd confirms the nécessity for applying a
correction for ionization. defect as described in-Section 11. 6.1. ‘

GUNN, HICKS LEVY, and STEVENSON3 > redetermlned the average total
kinetic energy of the fragments by a-very 51mllar calorimetric measurement
and obtained a value of 166 + 2 Mev in excellent agreement with .LEACHMAN
and SCHAFER. 302

STEVENSON, HICKS, ARMSTRONG, and GUNN
on the heat released‘ln the. fission of U235 and U

3 06 repeated this measurement
238 by 14 Mev neutrons.
The average total fragment klnetlc energies were found to be 174 + 4 and

. 175 + 2 Mev, respectively.

30k.. D. C. Brunton and G. C. Hanna, Can. J. Research A28, 190 (1950), see
Section 11.6.1.

305. S. R. Gunn, H. G. Hicks, H. B Levy, and-P. C Stevenson, Phys Rev.
107, 16k2 (1957) o o ‘ .

306. P. C. Stevenson, H. G. Hicks, J. C Armstrong, Jr., and S. R. Gunn,
University of Callfornla;Lawrence,Radlatlon.Laboratory Report UCRL-5455,
March, 1959; see also Phys . Rev.'llz, 186 (1960).
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11,7 PROMPT NEUTRONS EMITTED IN FISSTON

©.11.7.1 Measurements of Vv, the average number of neutrons emitted in

fission.  The average number of neutrons released in-nuclear fission is of the
utmost practical importance in the application of the nuclear chain reaction in
nuclear reactors or explosions, The measurement of @,’the average number of
neutrons emittedAper fission event, of &, the ratio of the cross sections for
radiocactive capture and fission, and of 7, the average number. of neutrons emitted
per neutron Captured*, has been carried out in maeny laboratories in many countries

233 235 239,

for the important- isotopes U and Pu Many of these determinations
were discussed in the papers presented at the 1955 and 1958 Geneva Conferences on
the Peaceful Uses of Atomic Energy. The cross sections group at the Brookhaven
National Laboratory compiled and evaluated all data published up to May 1958 and

arrived at the "world consistent set" of wvalues reproduced in Table 11.5. given in
section 11.3.2.
The variation in V as a function of the energy of the neutrons causing

fission is shown in-figure 11.79 plotted from the data listed in Table 11.29. The

figure and the table are taken from a paper by LEACHMAN3 7. Table 11, 30 also taken
from LEACHMAN'S30T paper lists data on v for a few other nuclei.

Values of Vv do not change greatly with the energy of the neutrons over
the range of neutron energies encountered in most nuclear reactors. However, the

~quantity o undergoes strong fluctuations -in the range of neutron energies where

resonance absorption gives considerable structure to the cross section curve. See
Section 11.3.3. Therefore the value of 1 must also go through strong fluctuations

with neutron energy. This variation in 71, the number of neutrons emitted per
neutron absorbed, is an important quantity in reactor design; for example in

calculating the temperature coefficient of react1v1tyu Hence considerable ex-
perimental work has gone 1nto a study of "this varlatlon by direct counting of the
fission neutrons ejected from a sample irradiated with a monochromatic beam of

0
neutrons. A discussion of such data is given by HARVEY AND SANDERS3 80
All neutrons, except for the small percentage of delayed neutrons, dis-

cussed later, are emitted within a very brief period of time after the moment

¥ These quantltles are related by the expre551on Y

307. R. B. Leachman Paper P/2h67, Proceedlngs of th% Second United Nations
Conference on the Peaceful Uses of Atomic Energy, Geneva, 1958.

308s J. As Harvey-and J, E, ‘Sanders, Cha‘pt° 1, Progress in Nuclear Energy, Ser.
1,°Vol. 1. Physics and Mathematics, McGraw-Hill Book Co., New York, 1956.
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NEUTRONS / FISSION, 7

I R S RS SR UO SR R

6 4 -2 0 2 4’76 870 12 14 6
NEUTRON ENERGY (MEV)

MU-18847

Fig. 11.79. Dependence of v on the energy of the neutrons
inducing fission. The data and references are given in
Table 11.29. The lines show the dependence of V on Ep
given by the theoretical considerations of LEACHMAN309
normalized to the thermal neutron experlmental values.
Figure from a paper of LEACHMAN, 30T
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-'Fablo 11.29 The Average Number of v of Fission Neutrons
of the Neutron Energy E

‘]-2684

as & Function
“Thble: prepared by R. B. Leachman

UCRL-9036 Rev.

En (Mev) | ﬁ233+n U235+n U238¥n Pu239+n
0 | 2,47 £ .05(x)" o ;o
2.5% + oh(a)’ 246 + .03(a)" 2.88 + .0l(a)"
2,55 # .os(b)** " 2.95 % .06(13)":r
-6.3 2.26 & .05(b)
2.26 + .05(c)"
L . 2.22 + .11(a)"
.08 2.58 + ,06(c) . 2.47 + .03(c) 3.05 + .08(c)
.7 | 2.52 + .10(d) |
2.52 + ,06(f)
o.74** 2.48 + .05(g)
1.0 2.84 = ,30(h)
2.84 + .35(f)
1.2 2,60 + .05(1)
1.25 2.65 + ,09(c)
.34 2.69 t .05(3)  2.61 * .09(g) 3.08 £ .05(3)
1.5 2.57 + .12(3)  2.65 £ .09(c)
1.6%% - 2.58 £ ,05(g)
1.8% 2.75 £ .06(1)  2.72 + .06(1) 3.28 + .06(1)
“ | | 2.15 + .08(m)
_ 2.60 £ ,13(n) 3.01 £ .15(n)
1.9 3.0k £ .55(h)
2.0 2.80 £ .15(0) _
2.1 3.12 £ .15(0)
2.5 2.64 £ .19(p) 2.35 + .18(p)
2.57F 3.04 + .20(f) o
2.6%% ' 3.5 £ .2(q)
2.75 + .12( 1)
H L
Eﬁo 3.1 + .35(n) 2.80 * 0.05(z)
3.13 + .31(n)
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Table 11.29 (cont'd.)

E (Mev) U233+n U235+n U238+n n Pu239+n
o 3.06 + .12(r)  3.01 + .12(r) 3.11 £ .10(r) 3.43 £ 11(r)
k.25 . ©3.10 £ .ko(n)  3.66 + .40(n)
4.5 C . 3.26 * .31(n)
b8 " | . 3.20  .08(b)
5.0 ’ S 3.2% £ .35(h)
14.0 . | 4.1+ .15(s) 3.5 .15(s) ho2 + .15(s)
1.1 ", 3.86 + .28(p) b.52 ¢ -32(p) ;h,13‘¢ .25(p) L4.85 + .5o§p2
v : : k75 2 0.4(x™)
S e 105 e t§y> |
. K : : B45 + 35(y
e T g
14.8 - : _ | b7 2 o5(w) b 4 _
15.0 Co k2 oa7(r) . hsLs a9(r) ki L20(x)
" References given in pafentheses. Uncertainties include that of the standard
© value. -~ o
o Not plotted in Fig. 11.79,. This value was used as a standard to cOnvert data
reported as a ratio with thermal-neutron induced fission of,U235. '
j+ Calculations normalized to these values. - '

'Tﬁese values were used as a standard to convert data reported as a ratio
with thermal-neutron induced fission of U=33 or Put,
¥  Spontaneous Pu240 fission.

¥+ Effective energy of a neutron energy spectrum.

a. Hughes, D. J. and Hafvey, J.A., "Neutron Cross Sections", Brookhaven
National Laboratory Report BNL-325, Superintendent of Documents, Washington,

D.C., (1955).

b. Colvin, D. W. and Sowerby, M. G., "Precision Measurements of v by the Boron
Pile", P/52, Proceedings Second Geneva Conference. : ‘

c. Diven, B. C.,'Martin,'H. Q.,_Taschek;'R. F., and Terrell; J. Date given by v
Terrell, J, "Distributions of Fission Neutron Numbers",-Physical Review,

108; 783-9 (1957).

d. Kalashnikova, V. I., Krasnushkin, A. V., Levedov, V. I., PevZner, M. I.,

’ and Zakharova, V. P., "Dependence of the Number of Neutrons Emitted in the
Fission of Heavy Nuclei on the Excitation Energy of the Fissionable Nucleus",
Conference of the Academy of Sciences of the USSR on the Peaceful Uses of
Atomic Energy, 156-70 (1955). : C :
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Terrell, J., and Leland, W. T., (see Reference c).

Usachev, L. N. and Trubitsyn, V. P., "Neutrons Emitted by the Fission of
ué3d and its Dependence on the Energy of the Neutron Producing Fission,
OTCHET FIGUIAE (1955). (see Bondarenko, I. I., P/2187, proceedings Second
Geneva Conference.) . :

Hanna, R. C., Atomic Energy Research Establishment, Harwell, unpublished

- report, (1956). -

Fowler, J. L., Oak Ridge National Laboratory unpublished report, (1956).

Kuzminov, B. D., Kutsaeva, L. S., and Bondarenk%381. Ié3 "Prompt Neutron
Numbers for the Fast Neutron Fission of UZSS, U~ Th ", and Np 7',
Atomnaya Energiya, 4:187-8, (1958); J. Nucl. Energy, 9, 153 (1959).
Hansen, G. E., Los Alamos unpublished report (1958). (See Leachman, R. B.,

P/665, proceedings Second Geneva Conference) .
Blair, J. M., Los Alamos unpublished report, (1945).

Kalashnikova, V. I., Lebedov, V. I., and Spivak, P.E., "Relaggge Miigure—
, U , and

v meggé of the Mean Number of Neutrons Emitted in Fission of U
Pu”

by‘Thermal Neutrons and by Neutrons Characteristic of a Fission
Spectrum, Atomnaya Energiya, 2:18-21 (1957).
Auclair, J. M., Landon, H. H., and Jacob, M., "Measurement of the Depen-
dence of V on Neutron Energy, Physica, 22:1187-8 (1956). :
Bethe, H. A.. Beyster, J. R., and Carter, R. E., Los Alamos unpublished
reporp,.(l955). S - , _ .
A%ggev,'v. §39 "Effective Number of Neutrons Produced by the Fission of
U and Pu with Energies 30, 140, 220 and 900 kev" OTCHET FIGUIAE,
(1957). (see Bondarenko, I. I., et al., P/2187, proceedings Second

Geneva Conference.)

Johnétone, I., Atomic Energy Résearch Establishment, Harwgll, unpublished
report (1956). o .
Nargundkar; V. R.; Prabhu, R. B., Ramanna, R., Umakaﬁtha, N., and Khopkar,

P23 ., "Number of Neutrons Emitted per Fission from the Fast Fission of
U™>"", P/1632, proceedings Sec ond Geneva Conference. .

Smirenkin, G. M., Bondarenko, I. I+, Kutsaeva, L. S., Mischenko, Kh.D.,
Prokhorova, L. I., %§§ Sh%%%tenko,'B235.; "Mean Prompt Neutron Numbers
~in the Fission of -U™~7, U™, and Pu”>” by U= &id -15-Mev Neutrons,"
Atomnaya Energiya, 4:188-90 (1958). . '

Graves, E. R., Los Alamos unpublished report (1954).

F%gpov, N.Zggvand Taltszin, V. M., "Average Neutron Number ¥V in the Fission of
U2’ and U by . -14-Mev Neutrons,' Atomnaya Energiya, 5, 653 (1958).
: -0

Flerov, N. N. and Temanov, E. A., ﬁﬁverage Neutron Number V in the Fission of Uz‘

by 14 Mev Neutrons) Atomnaya'Energiy%'i,” 54 (1958).
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Table 11.29 references (cont'd.)

V. Gaudin, M.-and Leroy, J. L., 'Measurements of Fission Cross~Sections and

‘of Neutron Productlon Rates , P/1186 (b), proceedings"SeCOndﬂGeneVa
Conference., ‘ ‘

. Erotopopov, A. N. and Blinov, M. V., "Determination. ofz%%an Neutron
Numbers Emitted from the 1k.8-Mev Neutron Fission of U’ , Atomnaya
Energiya, 4:37hk«6, (1958). ' : : e

x. Harvey, J. A., ‘and Sand §§, J23§., %§§ of Data on the Cross Sections
and Neutron Yields of U and Pu~”"", Progress in Nuclear Energy,

_ Series I 1:1-54 (1956).. '

y. Yu. A. Vasil'ev,et al. , ‘Zhur. Eksptl' i Teoret Fiz. .8, 671 (1960).

. G.C. Hanna, Atomic Energy of Canada. Ltd., Report AECL- 1056, June (1960).
This is an average of published values. .

N

z'. R. Shev and J. Leroy, J. Nuclear Energy, Pt A Reactor Science 12 101,
(1960). .

z". J. Leroy, J. Phys. radium 21, 617 (1960).
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Table 11. 3O Varlatlon of the Average Neutron Number* v from F1551on Induced

by Neutrons with Energy E for Nuclides not Shown in Fig. 11.79
(Table pﬁepared by R, B. Leachman)

En(Mevy Th229 +n | 232 . Np237+n.‘ Puauo}n. : -Puzhl+n
0 2.13:0.03(£) L IR 3.03%.06(d)
6.1 | | **2,18£,09(e)
1.4 : T 2.81+,09(b)
ot e e e ]
T1AT ~ ' - . 3.26%:21(b)
1.67t o . 2.90%,04(b) 3.37% .10(Db)
2.5 o ' 2.72%.15(a)
3.5 2.35%.07(a) '
1h.2 4,64+, 20(c) i
* References glven in parentheses. Uncertainties include that of the standard
value, .
b 2he . .
*¥ Spontaneous Pu fission,
T Average energy of neutron spectrum. Unlike Table 11.29, the spectra are not
combined with o¢.(E) .
- f n
4. Kuzminov, B. D., Kutsaeva, L.S., and Bondarenko, I.I., "Prompt Neutron Numbers
~ for the Fast Neutron Fission of 0230, 0238, ™h232, and NpZ37," Atomnaya
Energiya, L: 187 8, (1958). . .
b. Hansen, G E., Los Alamos unpubllshed report (1958). (See Leachman, R,B.,
- P/665, proceedings Second Geneva Conference). - ,
¢. Gaudin, M. and'Leroy, J.L., "Measurements of Fission Cross-Sections and of
Neutron Production Rates," P/1186(B), Proceedings Second Geneva Conference.
d. Average of USSR, U.K., and U.S.A. values given by Egelstaff, P.A., Morton
K.W., and Sanders, J.E., unpublished Atomic Energy Research Establishment
report (1955).
e. Hicks, D.A., Ise, J., Jr., Pyle, R.V., "Probabilities of Prompt Neutron
Emission from Spontaneous Fission", Phys. Rev., 101, 1016-20 (1956).
f. V. I. Lebedev and V.I. Kalashnikova Zhur. Eksptl.l.Teoret. Fiz. 35 535 (1958)



UCRL-9036 Rev,
-273-

of scission, the mément of separation of -the fragments. FRASER310 set a limit
for the time of emission of prompt neutrons. of less than 4 x.lO"ly*seconds.‘

The valué of v for nuglides decaying by spontaneous fission is given
in Téble 11.31; _Theimost accurateVQalugs repbrted in this tabiéﬁﬁereﬂmeaéﬁréd
by counting neutrons absorbed in large ﬁanks‘of cadmium-loaded liquid scintillator.
solution. The efficiency of this detector (~80 percent) is superior to-that of most
otherL«detectionwmemhods¢wq Because of the importance of this neutron counting
technique for the determination, not only of 9,,but of the probability distribu-
tion P (v) for the emission of 0,1,2 ...neutrons we shall give a few details of
the method in the next section.

An interesting correlation of v with mass number of the spontaneously
fissioning nucleus is revealed by figure 11.80. The significance of this trend
is not obvious since there is no apparent correlation with the total energy avail-
able or with ZZ/A. . ' ‘

- 11.7.2 Measurements of P(v). REINES AND CO-WORKERS3lv_l developed the

use of large scintillator tanks as neutron detectors in connection with the Los
Alamos Neutrino experiment. Several groups have gpplied these neutron decectors
as counters for the neutrons emitted in fission. The dimensions of the tank are
ndt critical so long as a'large volume is enclosed., A typical ﬁank consists of a
right cylinder 3 feet long and 3 feet in_diametér made of steel{ The inside sur-
faces afe,coated with a highly reflective and protective coating such as tygon
plastic paint. The scintillator solution may consist of toluene in which are
dissolved‘several organic compounds including cadmium propionate. Fast neutrons
entering the tank are slowed by collisions with hydrogen atoms. After thermaliza-
tion the neutrons are captured by cadmium which has a huge thermal neutron capture
cross section., The mean capture time is roughly 10 microseconds. The gamma rays
released in the (n,y) reaction excite fluorescent radiation in the liquid scins:.
tillator which is reflected from the walls and partially: gathered up by the
numerous large, photomultiplier tubes facing into the solution from the periphery
of the tank. The efficiency for détection‘depends on several factors but is
usually 70-85 percent.- .Each captured neutron gives rise to.a pulse .in the photo-
~multiplier circuits. Since the capture times are not identical, the neutron

indicator. pulses.from a single fission event. are separated in time.

310. J. S. Fraser, Phys. Rev. 88, 536 (1952)

311. Reines, Cowan, Harrison and Carter, "Detection of Neutrons with a Large
Scintillation Counter}, Rev. Sci. Instr. 25, 1061 (1954).
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Table 11.31 .

_.Average Number of Neutrons ( ) Released in Spontaneous F1s51on .

UCRL-9036 Rev.

A e L

14,05+0.19.

Isotope’ Y Neutron Detector - * " Standard - - . Ref.
Ug38- 2 420,20 VBFB‘proportionalveounter‘ Standard Ra-Be source 1
- v | R 2
U238_5 2. 140:08 ° Subcritical pile experimernt U235(§ = 2.47) 12
338 - 2.6+0,10 -~ BF. proportional counter U238(5 = 2.4) - S 2
uPU236“' 1.89%0.20 Li%(Eu) Ra-Be n-source- 3
.. 2,30%0.19° Large scintillator tank - P20y = 2.257) y
Pu238 2.04+0,10 LiI(Eu) Standard Ra-Be source 3
SR 2.33%0.08 Large scintillator tank Puzuo(a = 2.257) i
PuZMOﬂA © 220920.11 - LiI(Bu)- Standard Ra-Be source - 3
- Pl 2.25710.0h6'Lerge*scintillator*tank y?3° (v = 2.46) 5
pu? 2 2.32£0.16 LiI(Eu) Standard Ra-Be source 3

i 2,180,097 'Large scintillator tank zuo(v = 2. 257) .
cnPt? 13,0 0.3 6
©2.3310,11¢ - LiI(Eu) Standard Ra-Be -source -3

© .+ - 2,65%0,09: “Large scintillator tank . ‘Pu2u0(5'=2.257) L
'CmamL T 2.61%0,13 - LiI(Eu) - : Standard RarBe source 3
2,84%0,09 - Large scintillator tank’ PuBhQ(; = 2.257) - L

- .2.810+0,059 Large scintillatortank U235+n(5'= 2.46) 5

- S r2.60iO;llir-Ménganbus'sulfate‘SOlutiOh .Standard Po-Be source 9’
T'Bkz%gvf 1.3, 72%0.16: - Large scintillator tank Puauo(a = 2:257) 11
'VvaZ%Q“T - 2.92+0,19. Large scintillator‘tank PUZhO(Q = 2.257) 11
252“w"ﬂ8.52i0,l6't‘LiI(Eu) --Standard Ra-Be source 3

~3.53+%0.15 Manganous sulfate solution szh%

: Ra-Be source 7

~3.82%0.12 Large scintillator tank " Pu 2l*o( =2.257) I
. 3.869%0.,078 Large scintillator tank U 35+n(v = 2:U46) 5

o 3.8 £ 0.16 Large scintillator tank 'Ra-Be source - 10
'Cf254 3.90+0;14 Large scintillator tank PuZAO(D =2.257) 11
szSu Targe :scintillator. tank: cf?52(0 =3.82) 8
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Table 11. 31 (References)

1. . D.J. Littler, Proc. Phys. Soc. (London) A6k, 638 (1951); A65, 203 (1952).
2. Barclay, Galbraith and Whitehouse, Proc. Phys. Soc. (London) A65, 73 (1952).
3. W.W.T. Crane, G. H. Higgins and H. R, Bowman, Phys. Rev. 101, 180k (19)6),

There 1s a systematic difference of 7 percent between the Vv values from
' this report and those from reference 4; this is caused by a difference in

standardization of neutron counting efficiency.

k.  D.A. Hicks, J. Ise, Jr., and R. V. Pyle, Phys. Rev. 101, 1016 (1956).

5. B. C. Diven, H. C. Martin, R. F. Taschek, and J. Terréll, Phys. Rev..
101, 1012 (1956). | ' | |

6. F. R. Barclay and W. J. Whitehouse, Proc. Phys. Soc. (London) A66, k7
(1953).. ,

7. W. W, T. Crane, G. H. Higgins, and 8. G. Thompson, Phys. Rev. 97, 242
(1955), erratum Phys. Rev. 97, 1727 (1955)

8. Choppin, Harvey, chks, Ise, and Pyle, Phys. Rev. 102, 766 (1956)

9f' G. H. ngglns, W. W. T, Crane, and S. Gunn, Phys. Rev. 99, 183 (1955).

10. H. R. Bowman and S. G. Thompéon, University of Celifornia Radiation

Laboratory Report UCRL-5038, March 1958; also published as Paper P/652.
Proceedings of the Second Genevas Conference'oﬁ the Peacéful Uses of
Atomic Energy, Geneva, 1958,

11. R. V. Pyle, "The Multiplicities of Neutrons from Spontaneous Fission",

Unpubllshed results
12. R. Shev and J. Leroy, J. Nuclear Energy,Part A, Reactor 801ence

J. Phys. radium 21, 617 (1960).

12, 101 (1960);



-276-

UCRL-9036-Rev.

R

1 ;I . LR !
SPONTANEOUS FISSION
| 7 VS MASS NUMBER; A |
§ LIVERMORE DATA (NBS Ra-Be STD) - : %Fﬁ?a
40 } BERKELEY DATA ( 7,2 STD) ) {,x’
252 .
301 o -
- PN ) ;//./é .
- ) ) /.’//é_. Cm
T
20— B //;Ewé)y/'u -
1.0 | — | | | : ]
230 235 240 245 250 255
' "MASS NUMBER A 8
o . MU-19279

Fig. 11.80 Average number of neutrons Vv as a function of mass
number of fissioning nucleus (spontaneous fission);
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The large tank is provided with a well along the axis of the cylinder
or a passage going clear through, into which an ionization chamber containing a
spontaneously fissile sample can be placed. A typical circuif arrangement is
shown in figure 11.81l. The sequence of events in the experiment is the
following: |

The fragments from a spontaneous fission event give rise to a pulse
in the ionization chamber which serves to trigger the sweep of the oscilloscope.
This fission event is accompanied by prompt gamma rays and neutrons. The neu-
trons transmit practically all of their energy to recoil protons in a time much
shorter than a microsecond. These recoil protons and any of the absorbed prompt
gamma rays from the fission appear as one prompt pulse from the phototubes laok-
ing into the scintillator tank. The thermalized neutrons then are capture ex-"
ponentially in time by the cadmium-113 (¢ = 27,000 barns) or the hydrogen (o =
0.33 barns) in the solution. The catt3

a gamma ray cascade with a total energy of 9.2 Mev some fraction of which is

radiative capture immediately releases

converted to scintillation photons in the tank and gives a pulse in the photo-
tube circuits indicating a neutron capture. A photograph of the oscilloscope

screen gives a permanent record of the type shown in figure 11.82.

From such experiments accurate values are obtained not only for V the
average number of neutrons but also for P (V) the probability of emitting v
neutrons per spontaneous fission. The V measurements reported by several groups
using this technique for spontaneous fission are recorded above in Table 11,31,

Values of P(v) are summarized in Tables 11.32, 11.33 and 11.3k,

DIVEN, MARTIN, TASCHEK AND TERRELL312 were able to use this technique
for the measurement of neutron multiplicities in the neutron induced fission
of U233, U235 and Pu239 by using the apparatus diagrammed in figure 11,83.
It was possible to use thermalized neutrons from a Pu-Be source or 80 kev

neutrons from the T (p,n) He3 reaction to initiate fission. Values of v are

312. Diven, Martin, Taschek and Terrell, "Multiplicities of Fission Neutrons,"

Phys. Rev. 101, 1012 (1956),
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Fig. 11.81. Typical circuit arrarigement for measuring the
number of neutrons emitted in individual spontaneous
fission events. See HICKS, ISE, and PYLE, Phys. Rev.
101, 1016 (1956). _ .
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MU-10453

Fig. 11.82. Oscilloscope trace of pulses showing neutron

‘pulses from a single fission event. Sweep triggered

_ by fission chamber pulse. Pulse produced by prompt
gamma. rays and recoil protons in the scintillator
tank is delayed 1 microsecond and appears as the first
peak on the left-hand side. This pulse 1is followed in
this case by four neutron-capture pulses. From HICKS,
ISE and PYLE, Phys. Rev. 101, 1016 (1956)
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Table 11. 32% Probabilities of emitting v neutrons per qpontaneous figsion,
Plv ) , and the average number of neutrons per ﬁgonfaneouv fl%-
sion, ¥ , based on y = 2.257 t 0.046 for Pu?

] 2 20l 2

P, Pu23§ 238 py2H0 puihe k2 o2 252
. 0.062 0.0k} 0.041  0.063 = 0.011 0,001 0.001
P %0.035 +0,009 +0,009 +0,013 +0,005 +0,00k  #0,001
0.156 0.175 0.219 0.192 0.126 0.099 0,021

Py +0,090 +0,026 +0,021 +0,03h $0,018 +0.017 +0.007
0.38 0.38k 0.351 0.351 0.323 0.281 0.111
P, +0,13 +0,026 +0,021 +0,0h1 +0,018 . 0,022 +0,019
. 0.28 0.237 0.2h1 0.32h 0.3h47 0.365 ‘0.271
Py +0, 12 +0.,027 +0,020 +0,0h7 - 10,020 +0,018 +0,019
0.096 0.12h 0.127 0.033 0.139" 0.198 0.326
P) +0.086 *0,021 +0.018 +0,026 +0,013 ¥0.220 - #0.018
033 0.036  0.020 0.036 0.050 0.049  0.178
P5 36 +0.009  $0.006 +0.013  *0.009 '+£0.009 +0.016
©0.001 . 0.00h4 © 0.007 0.077
Pe +0,002 . $0.002  *0.002 +0.013
0.001 0.013
P 0,001 +0.00k
0.003

Pq +0,00]
v 2.30 2.33 2.257 2.18 2.65 2.84 3.82
40,19 $0.08 +0.046 +0.09  #0.09 +0,09 +0.12

% D, A. Hicks, J. Ise, Jr., and R. V. Pyle, Phys. Rev. 101, 1016 (1956).
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Measurement oflland the probablllty of P(v
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in onntannous fission
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,of emitting v neutrons

Nuclide o™ gBo2%* 5 2O
Tissions .
‘analyzed 3301 . 4545 8355

7 : 2.810%0.059 3.8690,078 2.2570.045
( ”)iy 9.20£0. 3k 16.5940.62 6.37+0.21
(7’)2V'-_7/32 0.810+0.008 0,850+0,006 0.807+0.008

0.009%0.,005

0,109#0.016 -

0.29240.023 -

0,31510;027 .
| 0.224%0.027

0.030£0.017

0.021#0,010
0.000+0,003

0. 0000, 000

0,005+0.002

0.004+0.009

0.138+0,019

0.223+0,032

10.356+0.035

0)17519.03u
0.0710.028
0.022+0,017

0.006£0.007

1 0.049+0. 006

0.214+0.012
0.321+0,01k
0.282+0,017
0;112i0,013
0.021+0.,008
0.001£0,003
-0.000+0,002

0,000+0,000

* ‘ .
Diven, Martin, Taschek and Terrell, Phys. Rev., 101, 1012 (1956)

*% :
Similar data for szSz

(1958)

taken by STEIN AND WHETSTONE, Phys. Rev. 110, 476

v and <V%>av are the average and the average.sqpare of the number of neutrons

per fission; Py, Py, Pp .
neutrons per fission.

0,1, 2 ....

. are the respective probabllities ‘0
The quantity [(vZ)av -v 3/¥

g emission of

is a.

measure of the relative width of the neutron multiplicity distribution.
It would be equal to 1.0 for a Poisson distribution.
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Table ll.gh*. Probabllity?bf_émiSsion,P(U ) pf ¥ neatrons in the spontaneous
Tission of PQZRO determired by large scintillator-tank technigue.

'~thbef of events reebrded = 4197 fié%ions :

0 : 0.062 * 0,006
P 0.198 * 0.017°
P2 i 0.3k + 0.022
PB‘ | ' O.228v£ Q,Qzu
Py 0.11h * 0,022 .
Ps 0.027 * 0,013
Pe 0.000 * 0.005‘ ’

V= 2.20 *.0.03
(Value used to calibrate neutron detection efficiency)

* J. E. Hammel and J. F. Kephart, Phys. Rev. 100, 190 (1955)—
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Fig. 11.83. Schematic diagram of -experimental equipment
used to measure neutron multlpllcltles for samples
which underwent the fission reaction in a collimated
beam of 80 kev neutrons from the T(p,n)He3 reaction.
The shielding serves to eliminate spurious counts in
large liguid scintillator. From DIVEN et al. Phys.
Rev. 101, 1012 (1956). SR S
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given in Table 11.29. ’Vélues of P (v) are given in Table 11.35.

In section 11.7.6 the experimental data on neutron multiplicity are
correlated with simple models of the evaporation of neutrons from excited
fission fragmenﬁs.

]_l .A. . B M casuremae nt 5 O _r P 1/ as a func tl on o f f‘i S8 j on n]od.e PR L j S NOSSs J -
¢ ) 3
h O WV W VoW VoWV VW W VAV AV oV U oV VA g eV oV oV oV o VoV N Skt "

ble to carry this experimental technique a step further to get even more de-
tailed information on individuval fission events. HICKS AND COUORKTRLj 13 and
BOWMAN AND 'I‘H()lVIP':SOl\I~)14 have combined the back-to-back double JOHLZlLlon chamber
method for the 51multancous measurement of fragment energles (discussed in
Sections 11.6.1 and 11.6.2) with the large scintillator tank in order to
measure neutron multiplicities as a function of the-specific mode of fission.

A ‘schematic drawing of BOWMAN AND THOMPSON}Szih’apparatus is given in figure
11.8L4. The shallow back-to-back ionization.chatibers are placed in the center
of arcyiindrical passageway installed along the axis of the tank. When a spon-
taneous fission eventmoccﬁrs the sequence of events is the following: first
the ionization pﬁlses develbped by both fragments are applied to the vertical
and horizontal deflection plates corresponding to the first oscilloscope elec-
tron beam. ;This'produces a spot on the scope screen whose location gives the
sizes of the two pulses and hence, the kinetic energy of both fragments,
Simultaneously, the pulse from fragment one is used to initiate the sweep cir-
cuit for the second electron gun in the oscilloscope. The pulsevdeveloped in

- the scintillator tank-photomultiplier system is applied to the vertical deflec;
tion plate (after a built-in delay of one microsecond) producing a peak in the
trace of the second electron beam. The neuprons emitted in fission are quickly
moderated and then captured after delays of many microsecondS. Each neutron
at the time it is captured produces a pulse in the tank—phptomultiplier system
which is displayed as a peak on the scope screen. A camera photogfaphs the
screen during all this time and records simultaneously the spot specifying the
Tragment energies and the'tface indicating the number of neutrons captured.
The film is then advanced to be ready to photograph the next sponténeous fis ion
event separately. With this technique, BOWMAN AND THOMPSOh3lh'reoordFd data

on 20,000 spontaneous fission events in szsz. These data were recorded on IEM

313. Hicks, Ise, Pyle, Choppin, and Harvey, 'Correlations Between the Neutron
MultlpllCltles and Spontaneous Fission Modes of Californium-252", Phys. Rev.

105, 1507 (1957)
314 H.R, Bowman and S. G. Thompson, Univ. of Calif. Radiation Laboratnry Report,

UPRL 5038, March 1958; also published as paper P/652 in the Proceedings of
the 2nd Geneva Conference on the Peaceful Uses of Atomic Energy, Geneva, 1958.



Table 11.33 Probability of emission P( v ) of vneutrons in the fission of

-285-

UCRL-9036Rev.

UEEB, U235 and Pu239 indqced by 80-kev neutrons
Neutrbn—induced fissiona
Nuclide .U233 U235 Pu239
Fissions
analyzed 1632 10715 1376
7 2.585+0,062 .2,47°40,03 3.048+0.079
(V)zv 7.84%0, 3k T.3240,15 10.62+0.53
[ OJ)ZV - v]/'"2 o.786to.013 0;795io.oo7 0.815%0,017
P, 0.0100,008 0,027+0.00%  -0.01%0,01-
Py 10,151+0.02k 0.158+0,010 0.11+0.03
P, 0.326£0.037 0.339+0.01k 0.13%0,06
' P, 0.301£0,0kk 0,305%0.015 0.56t0.08"
P) 0.176+0.041 0.133io.ol3 o.11¢o.b8
PS' 0,042+0,028 | 0,038+0.009 0.06+0.09
Py -0,010%0.017 -0.001+0,003 0.05%0.,08
P, 0.006%0.,009 0.001+0,002 d.QOto.o6
Py ;o.oozib.ooz 0.000£0. 000 -0.01#0,03

a. Results given are for 80-kev neutrons.

b. Normalizing value.

* DIVEN, MARTIN, TASCHEK AND TERRELL, Phys. Rev. 101, 1012 (1956).

See bottom of Table 11.33 for meaning of terms.
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MU-19422

Flg 11.84. Schematic. diagram of H. BOWMAN and S.G. THOMPSON'S314
apparatus for measuring neutron multiplicity and kinetic
energies of both fragments simultaneously in spontaneous
fission. S denotes large volume of cadmium-loaded scintillator.
N denotes phototubes. The oscilloscope used in this experiment
had two electron beams.
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cards which make it easier to examine neutfan multiplicity as a function of mayry
variables. Such correlations can provide many crucial tests of fission theories.
As examples of the many possible correletions BOWMAN AND THOMPSON show the varia--
tion of v with change in the fragmenf mess ratio and with change in the total
kinetic energy of the fragments,

Rather than discuss these data we wish to turn to a description of a
similar experiment done by a téchnique with inherently higher resolution. STEIN
AND WHETSTONE315 combined the high resolution provided by the fragment time-of-
{1ight method of determining the fission mode and the high-detection efficiency
of the large cadmium;loaded liquid secintillator as a neutron counter. With this -
combination of apparatus they determined how the total number of prompt neutrons
emitted in the spontaneous fission of szSz is affectéd by the division of mass
between the fragments and by the amount of energy going into kinetic energy of
the fragments.

A schematic diagram offthegapparatus and of the electronic recording
system is shown in figure 11.85.. Data were collected on 15,333 events and
processed on an IBM-70L data processing machine. We show two correlations of
the data in figures 11.86 and 11.87. 'In the first of these we see that there
is a correlat;on between y and the total fragment kinetic energy Ek particularly
in the interval of Ek containing the majority of the events. The observed cor-
relation is what one would expect qualitatively if there is a given average
amount of available energy to be shared between the kinetic and excitation en-
grgies of the fragments. In figure ll.87;it is readily apparent that 3, varies
with the mass ratio RA but the variation is complex and not easily explained.

In the range of mass ratio covering the great majority of.fission events the
variation is approximately linear., STEIN AND WHETSTON}LS15 also show the

variation of 7 with E for data separated into intervals of RA and similarly

k

the variation of ¥ with R, for data separated into intervals of Ek' The authors

A
subjected the data covering the majority of fission events to a detailed analysis

4o correct for the resolution effecté in their exberimental technique and de-
rived the "true" dependencevof”ﬁ on RA and Ek listed in Table 11.36. The quanti-
ty d ;(Ei’RA)/-aEk = -0.143 neutrons fission_l Mev; -is in reasonably good agree-

315. W, B, Stein and S. L. Whetstone, Jr., Phys. Rev, 110, 476 (1958)
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. 11.85. Schematic diagram of 'the STEIN and WHETSTONES™”
‘equipment for determining the correlation between neutron
emission and the Cf252 fission mode. Drift lengths were
~ each 152 cm. The scintillator tank was approximately 75
cm in diameter and height with a 6.8 cm transverse hole
"in which the time-of-flight drift tube wa.s placed Pulses
-from the bank of 90 photomultiplier tubes' fed through
Hewlett-Packard distributed amplifiers (HPA) time-to-
~ pulse-height converters (Time—P.H.), conventional linear
amplifiers (AMP'S and L.A.) to pulse-height-to-digital
converters (P.H.-Digit). The time of fission detector
was a thin plastic scintillator which collected the
electrons ripped out of the backing foil supporting  the
Cf252 source as one of the fragments passed through this
backing foil. .
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Fig. 11.86. The average number of neutrons per fission and
~ the number distribution of créos spontaneous fission
events as functions of the total kinetic energy of the
fragments with no discrimination on the mass ratio of
the fragments. Uncertainties shown are relative stan-
dard errors. Data are corrected for the 78 percent

efficiency of the neutron detector. STEIN and
WHETSTONE . 315



-290- UCRL~9036-Rev.

[$ )
o

»
&

»
o

AVERAGE NUMBER OF NEUTRONS PER FISSION, ¥
o
o

1000

NUMBER OF FISSIONS, N

o

1.0 1.2 .4 6 1.8
MASS RATIO, R,

rn
(o]

MU -18839

Fig. 11.87. The average number of neutrons per spontaneous
~ fission of Cf252 and the number distribution of fission
events as functions of the mass ratio of the fragments
- with no discrimination on the total kinetic energy of
~ the fragments. STEIN and WHETSTONE.31>
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Table 11.36  Vafiation of y with mass ratio and fragment kinetic enefgy'in

the spontancous fission of 0foP? acdordihgvto STEIN AND WH}E‘I[‘S’I‘O]\JE3'15

Slope e Qbsgrvei"yalue f. "* ’Qorfectgd value
: SZ(Ek, RAS/ JE, :;- ,.:_;0.070_i_6.oo#a:” '_- : :Qd.lug_i-o.ozoa
SZ(EK;RA)/. 3R,  v“”:f3f8 ij C?B?Ai -G}ng#'vl.ib;:
[ E(Ek)/é _Ek]-aj_i hRA '_ V-O».v-0$6_'i,,é;_003av S »-01,97‘9 i q.ooBf‘;
| (o ?(3A>/'5jo all Ekv :  *2‘?-$_d;5?  o ~.?;2'8li o;éb‘_

~a. In units of (meutrons/fission)/Mev.

- b. In units of (neutrons/fission)/unit mass ratio. -
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ment with calculations based on a theory of LEACHMAN AND KAZEK316 discussed in
Section 11.7.5 below. "The results imply a nuclear "temperature" of < 1 Mev and
a 7.0 Mev decrease in the average excitation energy for the emission of each

neutron.
The experimental result for j v/BE -0.143 is in even better agree-

ment with Terrell’ 8357 theoretical value of -0. lh9 based on the more general

considerations discussed in Section 11.7.6 below.

FRASER AND MILTON317 have also studied the variation in prompt neutron
emission probability as a function of fission mode for thermal neutron induced
fission of U233, This study, carried out earlier than the studies Just described,
makes use of a different type of neutron detector. The apparatus is shown
schematically in Fig. 11.88. The kinetic energies of both fragments were measured
in a double gridded ionization chamber. The U233 source was deposited on the
.common cathode and covered with a collimator.- The pulse heights of the pulses
from the two ionization chambers were recorded only when coincident with prompt
fast neutrons detected in either one of two neutron counters placed on opposite
sides of the fission chamber. These neutron detectors consisted of ionization
chambers two inches in diameter filled to a high pressure of methane. The angle
subtended by these counters at the fission source is small, but the strong angular
correlation of the direction of motion of the prompt neutrons with the direction
of motion of the emitting fragment overcomes this disadvantage somewhat. Never-

theless, the neutron detection efficiency is much less than for large scintilla-
tor tank detectors and in most respects the characteristics of prompt neutron

emission could not be studied as completely as in the methods just described. On
the other hand, the method of FRASER AND MILTON317 has the distinct-advantage that
it identifies the fragment from which each recorded neutron originates. This also
is a consequence of the strong peaking (in the lab system) of the neutrons in the
direction of the fragments.

One of the interesting conclusions which FRASER AND MILTON came to after
an analysis of 20,000 events measured in their experimental apparatus is that

neutrons are emitted preferentially by the heaviest light fragments and by the
heaviest heavy fragments and that there is a considerable slope to the fragment

neutron yield V1, and VH through each mass peak.,
WHETSTONE318 later restudiéd. the _variation in prompt neutron emission

316. R. B. Leachman and C. S. Kazek, Jr., Phys. Rev. 105, 1511 (1957)

317. J. S. Fraser and J,C.D. Milton, "Distribution of Prompt-Neutron Emission
Probability for the Fission Fragments of U233, "Phys. Rev. 93, 818 (1954).

318. S. L. Whetstone, Jr., Phys. Rev. 11k, 581 (1959).
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" Fig. 11.88. Schematic diagram of FRASER and MILTON'SST(
apparatus for measurement of prompt-neutrons in coinci-
dence'with fragment: pairs whose:energies are measured
in a double back-torback gridded ion chamber. The

" neutron detectors are ionization' chambers filled with:
‘high pressure methane. _— S : Co

Events are recorded only When trlple 001n01dences
are registered between a pair of fragments and’one or
the, other of.the neutron detectors.: The record of each
event con51sts of ren deflections proportlonal to the
ionization energles of* the two. fragments and a side pen:
deflectlon spec1fy1ng the neutron- emlttlng fragment



UCRL-9036 Rev.
=29} -

probability as a function of the mass number of the fragment from which the
neutrons are emitted, His experimental technique was superior in some respects
to that of FRASER AND MILTON317 and some striking results were obtained.

The experimental apparatus was similar to that used by STEIN AND WHET-
STONE31%Hﬁ.iSillustrated in Fig. 11. 85 The chief difference was that the szsz
spontaneous fission source was located at the end of the large cadmium-loaded
liquid scintillator rather than in the center. Because of the strong forward
peaking of neutron emission in the dlrectlon of travel of the fragments (assum-
ing isotropic neutron emission in the frame of the moving fragment) the neutrons
detected in the: sc1ntlllator tank can be’ attrlbuted almost entirely to one of
the fragments.i From the 51multaneous measurement of the ve1001ty of both frag-
ments the approx;mate mass number_of each fragment could be obtained.

The chief result of the_experimentﬂis given in Fig. 11.89 which shows
the average number of neutrons aS‘avfunotion of mass number. The earlier results
of FRASER AND MILTON was fully oonfirmed; namely that there is a strong variation
of v with fragment mass number, In_the'raw data there is a striking discontinuity
of one whole unit at the mass numberjcorresponding to symmetric fission, although
in the corrected data this diseontinuity is seen to'be spread over about 6 or 8
mass units. The:average number of neutronsjemitted from all the light fragments
compared to the average number emitted from all the heavy fragments turns out to
be 1.02+0.02%vhere the uncertainty is the statistical standard error.

ir this.neutron emission discontinuity is real, it is very difficult
to reconcile with the passage of the_dividing nucleus over a symmetric saddle
point318 since in the picture of a.symmetric saddle point shape leading to two
fragments of almost equal mass one would expect to get two fragments with almost
equal shapes and internal excitation. WHETSTONE3]'8 speculated on a possible
explanation of the effect based on the idea that the saddle point shape is ac-
tually asymmetric. He takes this idea from the writings of VLADIMIRSKII319 who

showed by some qualitative calculations thatlwithinvthe framework of the unified

¥ This flgure does not agree - w1th the later value of L/v Vl.l6 determined by
34T

Bowman, Thompson Mllton and Sw1ateck1 in an experlment which neutron
angular and veloc1ty dlstrlbutlons were measured in 001nc1dence with fragments.
The latter experlment probably glves a more dlrect measure of this ratio.

' WHETSTONE' S value for L/v was 1. l7 before applying geometry corrections for

neutrons emltted 1n the backgagd dlrectlon from that of the fragment. But
see also comments of TERRELL. cited later. :

319. V. V. Vladlmlrskll, Soviet Physics 5, 673 (1957).
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model of the nucleus‘one might explain a marked softening of the distorted
nucleus toward asymmetric shapes in terms of a favoring of nucleonic states of
high Q quantum number. If one assumes that this is true and that asymmetric
shapes are favored at the state of critical deformation, then one can devise a
simple model of the fission process which will reproduce qualitatively both the
observed mass distribution and the strange dependence of V on mass number.

| Quoting WHETSTONES'®

fissioning nucleus breaks in two, there exists a fairly long neck connecting

, "One can easily imagine that just before the

two relatively large volumes, and that usually, if not always, these volumes

are of unequal size (see figure 11.90). The nucleus will be expected to break
with greatest probability'somewhere near the middle of the neck, which will favor
the asymmetric mass‘divisions observed and which will partition the deformation
energy of the neck fairly equally between the two fragments. Since the two ends
of the nucleus would be expected to have fairly small internal excitation energies
before the split, the excitation energies of the fragments.after the split, and
therefore the number of neutrons emitted from each fragment, should be on the
average, equal for the most probable mass division. The shapé and volume of the
neck can now be tailored to imply a point-of-splitting probability, such as is
drawn schematically in figure 11.90 which will reproduce the observed fragment
mass distribution. It is obvious that symmetric mass division will correspond

to the relatively very rare splitting close to the large end of the nucleus, and
it is seen that this kind of a split gives almost‘all of the large amount of
deformatioﬁ energy to the light fragment. _Splittings very far from mass symmetry
correspond to breéking points close to the small end with the deformation energy
of the neck given to the heavy fragment. Thus the observed Q(A) dependence is
obtained." This hypothetical picture of the fission process is discussed also

by HALPERN.320

V.K.Apalin and Co-workers

321

have made a comprehensive study of the
distribution of neutron emission probabilities as a function of fission mode for

the neutron induced‘fission of U235° Their experimental techniques resembled

320. I. Halpern, Annual Reviews of Nuclear Science, 9, 245 (1959).
321. V. K. Apalin, V. P. Dobrinin, V. P. Zaharova, I. E. Kutikov and L. A,
Mikhaylan, Atomnaya Energiya,_@, 15 (1960) (in Russian); M.I.T. English

translation by B. M, Lomonosoff.
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Fig. 11.90. A picture of a fissioning nucleus shortly before

it breaks in two. The two lobes are unequal in size. The
mass ratio is determined by the point along the neck at
which division occurs. The P(x) curve is a probability

curve for the points of division adjusted to give an overall
distribution of fragment mass ratios in agreement with the
observed distribution.  According to this picture a division
of the nuclear mass into two equal parts will produce a near-
ly spherical heavy fragment and a markedly distorted (hence
‘excited) light fragment. From WHETSTONE . 318
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those mentioned previously in this section. A double-chambered ionization
chamber was placed in the center of an aperture passing through the center of
.a cubical tank holding 200 liters of cadmium -~ loaded liquid scintillator. A
thin layer of U235 was vaporized on a collodion film located on the central
electrode of the double ion chamber. A well collimated beam of neutrons from a

235

reactor was passed through the U foil to cause fission. The two fragments
were detected in the two halves of the ion chamber and the neutrons emitted from
the fragments-were measured in the scintillationx1detector. Sultable coincidence
circuitry was'employed to correlate fragment and neutron data from individual
fission events. ; ' ,

- The results of this study are not listed in detall here but a few of

the principal flndlngs can be briefly summarized, Strong variations in P( ) as a
function of the mass ratlo of the fragments ‘are observed and these variations are
qualitatively 51mllar to those observed' in the spontaneous flsslon of Cf‘252 The
greatest nunmber of neutrons are emitted by the heaviest llght fragments and by the

252

heaviest heavy fragments. The sav- tooth effect 1llustrated for Cf in Figure
11.89 also occurs in U~ 235 f1s31on and 1s 1n fact, even more pronounced. The
total neutron emission from both fragments varies somewhat but not violently sas
a function of mass ratio.of the_fragments inva manner somehwat like Figure 11.80.
A further conclusion was that 17 percent more neutrons on the average were emitted
from the light fragment. However it is not clear that the experimental results
were properly‘corrected for the effects of the transformation of the neutron
emission spectrum into the laboratory system. The careful considerations of
TERRELL in appendix II of his paper275 suggest that the true ratio VL/VH is close
to 1.0.

| At this point it is worthwhile to mention an alternate method of getting
information.on the variation in neutron emission across the mass range of the
fragments--a method Wthh is 1ndependent of data taken with neutron detectors.
The most detailed development of this method has been méde by TERRELL275 The
method is based on a comparlson of the mass- yleld curve measured by radiochemistry
and mass spectrometry and the prompt mass-yield curve deduced from time-of-flight
measurements of fragment velocities, In recent’ years the.data:supportlng these
two mass- yleld curves -have been con51derably improved. - The radiochemical mass-
yield curve is shifted one or two units to lower masses from the prompt curve
owing to neutron emission. When this shift is analyzed in detail a surprising
amount of neutron information can be obtained. We do not have space here to

reproduce TERRELL'S calcultations but limit ourselves to the presentation of a
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single figure which Summarizes his analysis of the slow neutron fission of

U233, U235 239 and the spontaneous fission of szsz. It will be noted

and Pu
that the neutron multiplicity as a function of fragment mass is nearly the same

in the four cases. The striking effect first reported by FRASER AND MILTON317

fhat more neutrons are emitted by the heaviest light fragments and by the heaviest
heavy fragments is fully corroborated. There is a nearly zero yield of neutrons

- at the magic numbers N=50 and Z=50. TERRELL speculates that the drop-off to

Zero probability for neutron emission in fragments with Z<50 and N <50 and the

low yield of symmetric»fission products are related phenomena which may be
qualitatively explained in the following way. Nuclei with magic. numbers strongly
resist deformation from a spherical shape and hence have smaller maximum radii

than non-mag,'i..‘(":,cnllllc.lei’,° This leads to higher Coulomb energies for fission fragments
at the point oﬁ scission when one fragment contains a closed configuration of
nucleons. When Bothufragmenﬁs are non-magic and eloﬁgated they can be'brought

into contact with less &xpenditure of Coulomb energy. Thus fission mass-splits
involving a magic fragment'have a highér fission barrier to overcome and pre-
sumably occur‘with greatly reduced frequency., The fragments weil away from

closed shells are born with éonsiderabie shape distortion which‘implies high

excitation energy which later is released in the form of neutrons.
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Fig. 11.91. Terrell's results on neutron multiplicities derived from
an analysis of the difference of the radiochemical mass-yield
curve and the prompt mass-yield curve based on time-of-flight
data. If these curves are represented approximately by two
straight lines in the light and heavy fragment regions the value of
v for asymmetric fission is given by

v = 0.08 (ML- 82) + O.lO‘(MH- 126)
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11.7.4 The Energy Spectrum and Angular Distribution of the Prompt
Neutrons from Fission. The distribution in energy of the neutrons emitted in
the fission of U235, U233 and Pu?39 has been studied by two fundamentally

different methods 227329

In the first, the energy of the neutrons is
obtained from the ranges of knock-on protons in photographiC'emulsions,
clOud chambers, ibnization chambers, pfoportional counters, etc. In the
second, .the velocity of the neutrons is measured by time-of-flight techniques.
330-331 A combination of the two methods is often used to cover the whole
range of neutron energies. The timenof—flight"measurements have been extend-
ed to include simultaneous measurement of fragment velocities asis discussed
below in section 11. 7 5. _

. A compilation of three sets of data taken at the Los ‘Alamos 801ent1-'
fic Laboratory,ls presented in Fig. 11.92. These data are compared with a

semi-empirical expression published by'WATT325 for the U235:neutron«spectrum.

322. N. Nereson, "Fission Neutron.Spectrum of U235", Phys. Rev. 85, 600
' (1952); "Fission Neutron Spectrum of Pu23?", Phys. Rev.§§,823?4(l952).
323. Bonner, Ferrell and Rinehart, "A Study of the Spectrum of the Neutrons
of Low Energy from the Fission of U235", Phys. Rev. 87, 1032 (1952).
These authors 01te many earlier references.
32k. D. L. Hill, "The Neutron Energy Spectrum form U235 Thermal FlSSlon,
Phys. Rev., 87, 1034 (1952).
325. B. E. Watt, "Energy Spectrum of Neutrons from Thermal Fission of U235,ﬁ
Phys. Rev. 87, 1037 (1952) ‘ 4
326. Unpublished data of Barton, Cranberg and Nereson, and'of Frye and Rosen
quoted by R. B.. Leachman in Paper P/592,Vol. 2, ”Pfoceedings of the
International Conference on the Peaceful Uses of Atomic Energy," United
Nations, New York (1956). ‘
327. L. Cranberg, G. Frye, N. Nereson and L. Rosen, ”Fission Neutron Spectrum
of U235," Phys. Rev. 103, 662 (1956). ' |
328. K. N. Mukhin, L. M. Barkov and Gerasimova; see B. G. Erozpolimsky,
. Neutron Fission, Supplement No. 1.to Atomnaya Energiya 74—98 (1957).
329. D. B. Nicodemus and H. H. Staub, Phys. Rev. 89, .1288 (1953)
330. L. Craﬁberg, "Proceedings of the International Conference on the Peace-

ful Uses of Atomic Energy," Geneva-l955(United.Nations, New Ybrk,-l956),
Vol. 2, Paper P/57T.

331L. A. B. Smith, P. R. Fields, R. K. Sjoblom, and J. H. Roberts, Phys. Rev.
11k, 1351 (1959).
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Fig. 11.92. Comparison of semi-empirical expressions of the

energy spectrum of fission neutrons with experimental
measurements at Los Alamos on neutrons from thermal
fission of U235, Figure from reference 326.
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N(E) « [ exp [sinh V229 B 1 (11.59)

| 57565
N(E) is the probability of emission of a fission neutron with energy
E. This expression is derived from simple considerations of neutren emission:.
mechanisms and transformation of velocity frames. The constants in the equaf;’
tion are derived from nuclear "temperatures'" and fragment energyvchoices /
adjusted to fit the experimental data. A further simplification of this seéi-
empirical expression results in the.fo 3e7, 332
W)« VB e - ~ (11.60)
. L 1.29 - R
which is shown_in the'figure similarly to pro&ide a_satisfactdry'fit to the
experimental data. This expression assumes a Maxweilian distribution for the
neutron spectrum but it is based on no simple theoretical derivation. The
constant 1.29 may be named a spectrum parameter. It 1s not to- be*identified
as a nuclear temperature Thls fit with such a simple expre551on contalnlng
only the coefficient in the exponent as a parameter is regarded as . fortultous
in view of the dependence of the neutron spectrum on many variables such as
fragment excitation, neutron binding energy, angular dependence of neutron
emission, etc. |
The neutron spectra of the fission neutrons from U 35, U233 and Pu ?39
caused to fission with slow neutrons are very similar 3zz, 327’327{325 TERRELL
333 hés analyzed all,three spectra using the expression given.abepe and gets
a good fit to the ekperimental spectra by setting the spectrum parametervequal
to 1.290 Mev, -1.307 Mev, and 1.333 Mev, respectively. See Fig. 11.93.
The fission neutron spectrum of the spontaneously-fissioning Cf

has also been measured"33%733§1; We show.the results of SMITH, FIELDS and
ROBERTS336 in figure 11.9k. The spectrum is very similar to that of the

252

332. Frye, Gamel and Rosen, Los Alamos report, LA-1670, May 1954 and
L. Cranberg and N. Nereson, Los Alamos report LA- 1916 May 1955.

333. J. Terrell, "The Fission Neutron Spectrum and Nuclear Temperature,"
Phys. Rev. 113, .527,.1959; see also appendix I of Paper by Terrell
Phys. Rev. (1962) To be published.

334. E. Hjalmar, H. Slatis and S. G. Thompson, - "Photographic Emulsion
Measurements of the Energy Distribution of Neutrons from Spontaneous
Fission of Cf2°2 " Phys. Rev. 100, 1542 (1955).

Al

335. H. R. Bowman and S. G. Thompson, "The Prompt Radiations in the Spon-
taneous Fission of Cf252"University.of Calif.Rad.lab. Report, UCRL-5038,
March 1958; also published as Paper P/652 Proceedings of the 2nd Inter-
national Conference on the Peaceful Uses of Atomic Energy, Geneva 1958.

33€. A. B. Smith, E%Elds and J. H. Rgberts, “Spontaneous Fission Neu-
tron Spectrum of Cf hys. Rev. 108, L11, (1957
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Fig. 11.93. Experimental data on fission neutron energy
compared to the expression :

NE) « N E  exp ( :@E‘

This comparison made by TERRELLSSS as quoted by LEACHMAN.3ZO
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neutron-induced fission of U232 except that it is shifted slightly to higher
energies. The solid line follows the Watt formula (equation 11.59) evaluated

as follows: . —
N(E) « exp(-0.88E) sinh  /2.0E | (11.61)

was able to get a good fit also with a Maxwellian distribution of

TERRELL333
the type given by equation 11.60.

It is apparent that all measured fission neutron spectra are fitted
rather well by the WATT formula and perhaps slightly better by an equation
based on a simple Maxwellian distribution (equation 11.60).  The neutron
intensity varies astl/z at low energies and exponentially at high energies.

Many attempts have been made to derive neutron spectra using
WEISSKOPF's337 concepts of the statistical model of the nucleus since it has
seemed that excited fissibn fragments should be quite appropriate systems for
the application of the model. In its most approximate form this model leads
to a simple evaporatlon spectruonf the form

E exp ( —)
which gives a poor fit to the experimental data if the nuclear temperature T
is single-valued throughout the neutfon evaporation process. A great improve-
ment can be made by consideration of the fact that the second and subsequent
neutrons will be emitted from a less-excited nucleus for which a lower nuclear
temperature would be appropriate. Several authors333’338‘uo have shown that
even a simple combination of two evaporation components with different values
of T can produce good agreement with the neutron spectfa in the laboratory
system. TERRELLSsazhas.carried out a more sophisticated analysis in which
the wide distribution in initial fragment excitation energies is converted
into a distribution of nuclear temperaiures appropriate for.the evaporation of
v neutrons. In the Uzssand Cf252 cases he carried through a sample calcula-
‘tion by weighting together 14 evaporation spectra using a separate fragment
velocity for the light and heavy fragments and seven different nuclear
temperatures weighted according to his derived temperature distribution.
This calculation yields a laboratory neutron spectrum in excellent agreement
with experiment but not significantly better than the more approximate zZ-com-

ponent analyses mentioned above.

337. V. F. Weisskopf, Phys. Rev. 52, 295 (1937); J. M. Blatt and V. F.
Weisskopf, Theoretical Nuclear Phys1cs, John W1ley and Sons, Inc 5 N.Y.,

1952, pp. 365 SYCUE : R
338. J. S. Fraser, Phys. Rev. 88, 536 (1952)
339. J. C. D. Milton, unpublished data
340. Smith, Fields and Roberts, Phys. Rev. 108, 411 (1957).
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On the basis of this'analysis,'it appears that the result of the
assumption of an evaporation spectra based on the WEISSKOPF statistical model
for fission neutrons in the center-of-mass system leads to a spectrum which is
essentially'equivaient to a Maxwellian distribution (equation 11.60) in the
laboratory system. Isctropic emission of neutrons in the center-of-mass system
is assumed. o ' .

TERRELL'S 333 analysis implies that the average energ&’of the neutrons
will be equal to the average‘energyvper nucleon of the fission fragments (abouti
0.78 Mev) plus some quantity related to the average number'of‘neutrens'emitted.

 Specifically, TERRELL finds a good fit to many sets of data with the expression:

EAVerage- = 0.74+0.653 (G+l)1/2 S . - (11.62)
(in Mev)

The whole subject of the analysis of fissibnineutron'speetra and of its
_meanlng for neturon evaporation models and nuclear temperature parameters is

well rev1ewed by L.T_.333 in a paper which covers all pertlnent work publlsh-

ed by mid-1958.

- 11.7.5 Neutron Velocity and Angular Distributions Measured in Coincidence

with Fission Fragments.

*In the preceding section we have discussed neutron energy spectra
measured. in the laboratory system and analyzed with analytic treatments based
on the fundamental assumption of isotopic neutron emission from moving frag-
ments. Obvicusly, it is important to establish with some certainty the. true
angular and energy distributions of the neutrons with respect to -the center of
mass of the fragments. The experiments to be discussed now were designed to
collect more direct evidence on this question. |

In the first published studies of this type338’341’3)1L2 the angular
distribution (without specification of velocity or energy) was measured with
respect to the fragment direction of motion. The dominant feature of the
laboratory distribution is a strong peaking in the dlrectlons of the two frag-
ments. Let us eon31der briefly FRASER' 8388 experlmentb in which ‘the thermal
233’ 235

neutron fission of U , and Pu £39 was measured. Collimated fission
fragments were selected in energy in a gridded icnization ehamber and coinci-

dent prompt neutrons in a given direction were counted by proton recoils in

'341. R. R. Wilson, Phys. Rev. 12, 189 (1947)

342. R. Ramanng and P. N. Rama Rao, Paper P/1633, p. 361, Vol. 15, Proceedings
of the 2nd International Conference on the Peaceful Uses of Atomic Energy,
Geneva, 1958.
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an electron collecting chamber filled with methane. By proper energy discri-
mination on the fragment pulses it was possible to study neutrons in correlation
with the total distribution of fission fragment energies or with the light
fragment distributions only. Significant dlfferences were noted in the two

239

cases. The results in the case of Pu are shown in Fig. 11.95. Neutron
emission is strongly peaked in the direction of motion of the fragment. The
angular distribution expressed as a ratio N(0°)/N(180°) is about 70O percent
greater when light fragments only are observed than when all. fragments are
observed. FRASER was able to accomodate his observed angular distributions to
an evaporation model with-iéotropic emission of neutrons in the moving‘fragment
system provided he assumed a 30 percent greater probability of emission of
neutrons from the light fragment than from the heavy. RAMANNA AND RAO342 came
to a similar conclusion. However, a later reanalysis by MILTON3h3 of the data
of both experiments using better data for the low . energy neutron spectrum in
the laboratory system led to the altered conclusion that both fragments emitted
the same number of neutrons.withinvlo percent. Any conclusions on the relative
rates of neutron emission frbm the fragments is indirect and sensitive to the
neutron energy spectrum measurements. See also the remarks of Terrell¥ on this
point. L 7 _
Some of the most definitive information on neutron emission character-
istics has come from coincidence experiments in which neutron velocity and
angular distribution were measured simultaneously with the velocities of the
two fragments. Such experiments lead to the most clear-cut answers regarding
the angular distribution of the neutrons in the center-of-mass system of the
moving fragments. Several research groups 3hh-347 have contributed preliminary
results from studies of thls type but we shall quote here exclu51vely from a

comprehensive study by BOWMAN, THOMPSON, MILTON AND SWlATECKI- 34T

¥ J. Terrell in appendix 2 of reference 275.

343. J. C. D. Milton and J. S. Fraser, private co?%%nication.to author; see
also footnote on p.540 of Terrell's article and appendix 2 of
reference 275.

3k, H. Bowman and S. G. Thompson, unpublished results; preliminary experi-
ment described in Paper P/652 Vol. 15, Proceedings of the 2nd Int'l
Conf. on Peaceful Uses of Atomic Energy, Geneva, 1958.

345, A. Smith, P. Flelds, and R. Sjoblom, Bull. Amer. Phys. Soc. II, 31, 1959.
346. J. S. Fraser and J. C. D. Milton, Chalk River, unpublished.

347. H. R. Bowman, S. G. Thompson, J. C. D. Milton and W. J. Sw1ateck1,
submitted for publication in The Physical Review, 1962.
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Fig; 11.95. Angular distribution of prompt neutrons from Pu239
induced to fission with thermal neutrons. See FRASER.33
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. In this experiment the velocities of the two fragments in spontaneous

fission disintegrations occurring in a thin sample of Cf252 were -found .from the
time-of-flight of the fragments over a distance of 100 cm. Measurement of the
velocities of both fragments‘determinedvtheir masses and energies. This part
of the experiment waé done with apparatus essentially the same as that describ-
ed in section 11.6.3 above. Neutrons were simultaneously detected in thick
plastic scintillators placed at various angles with respect to the direction of
emission of the fragments.‘ Neutron velocitieé were determined bygméasuring
their flight time over a‘kndwn distance. The central piece of apparatus consis-
ted of a steel‘drum with a radius of 100 cm evacuated fo a pressure of lO-6mm
Hg. The Cf252 source was mounted in the center of the drum and the‘end—of—flight
detectors for the fragments and neutrons were mounted on the circumference of
the drum. A schematic drawing of the apparatus is given in figure 11.96.

A szsz source of strength ~1.5 x 10~ spontaneous fiésionsAper minute
was mounted on a thin nickel foil (9Oug/cm2). ‘The time-zero pulse (or time-of-
fission pulse) was formed from the secondary electrons emitted when one of the
fragments passed through a.thin nickel foill placed as close'as possible to the
source. An electron léns focussed and accelerated these electrons onto a
phosphor mounted on a photomultiplier tubef The two fragment detectors, Fl
and FZ’ were mounted at lSOOMto each other. The position of one neutron detec-
tor, Nl’ consisting of a 2 inch thick plastic scintillator mogntgd on a 5-inch
photomultiplier éould be varied through a range from-22.50 to 909 in steps of

11.25°. The position of neutron detector N. was held constant at 11.25 degrees

throughout the series .of measurements. ‘
The great majority of the recorded events involved the detection of one
neutron in coincidence with fragﬁents but rare events in which  two neutrons
were detected in coincidence with both fragments were also measured. The flight
times, ranging from about ZO to 200 nanoseconds, were determined through the
use of time-to-pulse-height converters of conventional design, -in which time
was measured by the amount of charge collected on a condenser in the interval
between two timing pulses. We shall not describe the details of the circuitry
shown in block form at the bottom of the figure except to state that the four
pulse heights recording. the time-of-flight information from detectors Fl’ FZ’
Nl’ and N2 were recorded for each event on paper tape, then transferred to
magnetic tape in a form that was directly acceptable to IBM 704 and 709 com-

puters. ‘Data were collected on millions of individual events.
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The first set of calculations were expressed in terms of a distribution
o(Vv, 0) where the probability per fission that a neutron making an angle 6 with
the fragment has a velocity V in the interval dV within the solid angle dw is
o(V, Q)VZ dV &-®. . ws, The values of V, 8, and w:.are all determined in the lab=
oratory system. In the first examination of the data the fragments were divided
only into the two broad classes of light and heavy. A graphical representative
of some of the data appears in figufe 11.97. A visual examination of this
figure suggests at once that thé over-all features of the neutron distributions
assoclated with californium fission are consistent with approximately isotropic
emission from two moving fragments. Thus the general appearance of the figure
with the lines of constant p in the form of elongated ovalé suggests that
neutrons have been emitted from two sources moving in opposite directions with
velocities about the same as those of the fragments. The relative intensities
in the direction of the light fragment, in the direction of the heavy fragment,
and at right angles are about 9, 5, and 1 respectively.

However, a closer examination reveals that there are small discrepancies
which suggest deviations from this picture. The déviations..take the form of an
excess of neutrons around 900 to the fission direction as well as an anomalously
high number of neutrons at the two angles of 11.25 and 168.75 degrees. It is
not entirely proved that the small'peculiarities at 11.25 and 168.75 degrees
are not a result of a systematic experimental error and we do not discuss them
further. The excess of neutrons at 90° seems to be a real effecﬁ which we shall
discuss further after we describe a more quantitative analytic treatment of the
data. _

This more refined analysis was carried out by representing the neutron
velocities by evaporation speetra with parameters adjusted for best fit to the
experimental spectra referred to the fragment center-of-mass. The neutron diss
tributions were assumed to fit analytic evaporation functions of the type:

g (n) =« (0/1,%) e (-n/1,) C(11.63)

:.Here im)tisythe.neutronienergybin: the:centerof -mass and
Ti is a temperature. The i-index on T indicates that
several components characterized by different values of T
and by some weighting factor ai might be required to
reproduce the energy dependence of the neutrons over the
entire range of measured velocities. In practicé up to
three components proved necessary.

The experimental data requiring fitting by such analytic functions are
illustrated by figure 11.98, where the neutron spectra from the light and heavy

fragments as deduced from measurements at 11.25 and 168.75 degrees are shown.
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Fig. 11.97. Contour diagram in polar' coordinates Obse
neutron .density. distribution p 6) as a function o
and a

neutron velocity ngle. From paper of Bo n,
Milton, and Swiatecki. The contour lines are lines

nstant neutron density. The average velocities of the
light and heavy fragments are also sho
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- The data have been plotted in such a way that a pure evaporation spectrum with
a single temperature would appear as a straight line; it 1is clear that the
observed spectra require the superposition of several evaporation components
at different temperatures. This is not surprlslng both on account of the
rather wide range of "initial excitation energles of £re fragments and on account
of the'decrease‘in'excitation energy in the course of ‘emission ‘of successive
neutrons. A notable feature of the figure is the virtual identity of the neu-
tron’ energy ‘spectra from tﬁe light and heavy fragments, - extending over almost
fbur‘decades of intensity; this identity is not SO ‘easy to understand.

Table 11.37 shows sample results of parameter fitting of the data of
flgure 11 98 to a three component expression of the evaporatlon analytlc
formula. The first entry gives the best parameters obtained in a calculation
based on the assumption of isotropic neutron emission. The‘second shows the
best fit for a center of mass angular distribution of the type ;;Aé PZJQng V)

Where P, is a Legendre polynomial and A, is a weighting parameter. The low

2 2
value of A_ obtained when the computer program was free to include the Pz(cosw)

term showszthat little or no anisotropy is called for by the data. The last.
column gives the v /v ratio; the analysis indicates that 16% more neutronéfare
emitted from the light fragment. i o

The data ;Lttlng represented by table 11.37 again indicates that the
greater part of the neutron velocity and angular distrdbutions can be accounted
for under the assumption of neutéon,emission from the moving fragments. But a
quantitative comparison of the data taken at each laboratory angle with calcu-
lated values computed from a summation of the contributions -of the light and
heavy fragments (‘this eomputation being based on the "best-fit" center of mass
parameters for all the data taken together) reveals that only about 90 percent
of the neutrons can be adequately accounted for by emission from the mov1ng
fragments. The magor deviations occur at 90 suggestlng that a third source
of neutrons at rest in the laboratory system is contributing several percent
of the neutrons. The average energy of these neutrons .is higher than that of
the rest of the neutrons. | _

One may hypothesize that these neutfons are emitted aﬁ‘the-time of
scission or immediately afterward before the fragments pick up velocity. Such
a hypothesis is not unreasonable since the rather violent disturbances associa-
cted with the snapping of the neck at the moment of scission end the‘retraction
of the stumps into the fragments might well be responsible for the emission of
a fraction of the neutrons. This possibility was in fact suggeeted in the classic

1939 paper of Bohr and Wheeler who éxpressed it in.these words.
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_Parameter values obtained by least squares fit of

evaporation formulae to neutron velocities given in figure-ll.98.

(Bowman, Thompson, Milton, and Swiatecki)

T Weighti T 0,
Description Ti eighting {T) T A2 VL/VH
(Mev) factor  (Mey)  (Mev)
A1 points -
included; 0.99k1 0.5720
isotropic 3 '
emission 0.3729 0.4061 0.7217 0.316 =Q 1.16%.01
in om 0.0731L 0.0219 :
. A
All points 0.9906 0.577h
included;
1+ AZPZ '
0. 3682 0. Lo20 > 0.721k4 0.316 0.016%.012 . 1.16%.01
(cos V) (
emission o . v
permitted 0.0699 0.0206 )
Ti'ia a nuclear temperature in equation 11.63. (T) is the average value of T.

T

On, is the variance; the rms

deviation.

V

L

per fission event from the light fragment.

is the number of neutrons emitted
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"We consider briefly the third possibility. that the neutrons in question
are produced during the fission process itself. In this connection attention
may be called to observations on the menner in which a fluid mass of unstable
form divides into tw0~smaller masses of greater stability;. it is found that
tiny droplets are generally formed in the space where the original enveloping
surface was torn apart. Although a detailed dynamical account of the division
process will be even more complicated for a nucleus than for a .fluid.mass, .the
liquid drop model of the nucleus suggests that it is not unreasonable to expect
at the moment of fission a production of neutrons from the nucleus analogous to
the creation of the droplets from the fluid."

One puzzling feature in these results is the near identlty of the
center-of-mass neutron spectra from the light and heavy fragments while at
the same time the light fragment apparently is emitting:lé percent more neutrons

than -the heavy.* From the VL/,V.'ratio and from estimated neutron binding "

energies one can estimate that tﬁe lighter fragment is about 30 percent "hotter."
It is difficult to reconcile this with the 1dent1ty of the spectra shown in
figure 11.98. . v

Up to this point in our discussion of the experimental study of BOWMAN,
THOMPSON, MILTON AND SWIATECKT, the fragments have beéen divided into only two
groups - the light and the heavy. It is possible however to make a.much more
detailed examlnatlon of the neutron propertles as a function of fragment energy
and mass lelSlon by a more: selecthec use of the experimental data.. The
results of such an’ examlnatlon were presented in a second paper by these au-:: ..
thors.yL8
11.7. 6 Theoretlcal Calculatlons of Prompt Neutron Multiplicities.
The probability Pf'of\em1551on of". any given. Lntegralgnumber vof prompt neutrons
from flSSlon can be calculated from the distribution of ex01tatlon energy among
the fission fragments if suff1c1ently accurate information can be obtained.

LEACHMAN349 350 ~has carrled out such calculatlons based on simple neutron eva-

poratlon theory and the résults are in goad agreement with experiment. We shall

Terrell on- thls p01nt in appendlx 2 of his 1962 paper, reference 275.

348. Bowman, Thompson, Milton, Swiatecki, in preparation 1962
349. R. B. Leachman, Phys. Rev. 101, 1005 (1956).

350. R. B. Leachman, Paper P/592, p. 195, Vol. 2, Proceedings of the Int'l
Conference on the Peaceful Uses of Atomic Energy, United Nations, N. Y.,1956.

T | A spec1f1c theoretlcal model for the emission of scission neutrons was
formulated by R. W. Fuller, Phys. Rev. 126, 684 (1962).
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Fig. 11.98. The center of mass neutron energy spectrum Q(n)
divided by 1. The large dots represent neutrons emitted
in the direction of the light fragments; the triangles
represent theé neutrons emitted in the direction of the
heavy fragments. The curve for light fragments was reduced
by the factor 1.16 which is the ratio of the number of
neutrons from the light fragments to the number from the
heavy fragments if all neutrons are. emitted from moving
fragments.
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outllne LEACHMAN'S niethod.

'LEACHMAN first writes down the mass equatlon of flSSlOn'> ":(ll.6h)
B (Aaz)+E +B-M(ASZ)+M(A6 EK+E
where .. - : .. - . S _ S

M = atomic mass. En = energy of incident neutron .

A = mass number B = bindingvenergygof;neutroh.to”n,
S wy el . oe

Z = nuclear charge ‘ . target nucleus

8 :,even-odd parameter | EK = total kinetic energy of fragments
' ' ' EX’= ‘total excitation energy of

fragments

The mass of the f1ss1on1ng nucleus can be obtalned from experlmental
mass determlnatlon or from minor extrapolatlons of experlmental measurements
The masses of the prlmary fragments have to be estlmated from some emplrlcal
mass equatlon LEACHMAN based his estimates on the treatment of CORYELL351 )

351. C. D. Coryell, ”Beta -Decay Energetlcs, "Ann. Revs. of Nucl, Sei. 2, 305,
(1953).
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No attempt was made to evaluate the masses of all the pos31ble fragments but,
to 51mpllfy the analyses, only three mass: ratlos, BA A /A » were considered.
A and A refer to the mass number of the light and heavy fragments, respec-
tively. For fission of U 235 by neutrons the chosen ratios were 133/103, lhl/
95 and 149/87 Also only ‘the most probable non-integer ZL and ZH values for
each AL and A were used. These most probable Z values were estlmated from
the equal charge-dlsplacement4relations discussed in Section 1l.5.

- | Wlth these 51mpllflcatlons it was possible to calculate the sum of
the klnetlc and ex01tatlon energy, EK + EX’ of the fragments properly weighted
over the known dlstrlbutlon in fragment mass ratlos. The next step was to
calculate the distribution in EX from the experlmentally observed distribution
1n EK The raw data obtalned in .ionization chamber experiments of the type
descrlbed 1n Sectlon 11. 6. l cannot be used without some corrections for ioni-
zation defect and experlmental dlsper51on. When these correctlons were made
by a suitable mathematical treatment of the data (not a 51mple matter) and
the assumption was made that the dlstrlbutlons.ln.EX were 1ndependent and
identical for the light and heavy fragments, the upper curve of Fig. 11.99 was
obtained for the typical excitation energy distribhtion. The width of this
curve per fragment is aboﬁt 11 Mev. The width agrees well with the energy
distribution for Zr97 fragments observed by COHEN 352. The hegatlve excitation
energies and probabilities implied by Fig. 11.99 have no physical significance
but are retained because they have mathematical significance . in computing the
probability. for emitting zero neutrons. The next(step is.to calculate the
neutron emission'probability. Thisvis dcne by an evaporation calculation
vbased on simple neutron emission concepts originally.introduced by'WEISSKOPF353.
The expression, N(E) «E exp (:%—), is used for neutron boil-off. In this
equation N(E) is the emission probability for neutrons with energy E. The

nuclear temperature, T, was taken to be 1.4 Mev.

352. B. L. Cohen, Phys. Rev. 104, 1046 (1956)

353. J. M. Blatt and V. F. Weisskopf, "Theoretical Nuclear Physics, "'John
Wiley and Sons, New York (1952).
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11.99. LEACHMAN'S calculations of the distribution in
fragment excitation energy (upper curve) and of neutron
emission probability as a function of fragment excita-
tion energies (lower curves) for the most probable mode
of thermal fission of U235, R. B. Leachman, Phys. Rev.
101, 1005 (1956). The abscissa scales for the three
sets of curves are the same. - :
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The curves in the lower part of the Fig. 11.99 are the neutron emission
probabilities as a function of excitation energy for-each fragment. It -is as-
sumed that a nevtron is always emitted when emission is energetically pbssible.
The binding encrgies of fisslon neutrons involved in these calculations are
eqtimat\d from a mass suriace of The m.clides based an CORYELL'S. treatment of

351

pdrameter ‘ _ '
| This combination of- Lhe excitation and neutron emission data of the
type shown in FLg. 11.99 w1th proper weighting of the p0351ble mass splits make
-1t possible to caWquate a dlstrlbuthﬁ in the number of fission neutronq as
shown in Flg. ll_lOO{or neutron induced fission and in Fig.ll.101 Lor spontan-
eous fission:, LEACHMAN S mu1t1p11c1ty‘dlstrlbublons are shown as hlstogramc
and the measured distributions as solid circles. The agreement is considered
to he quite satisfactory.

According to the assumptions ef this treatment, neutron emission occurs
to the complete exclusion of gamma ray emission when neutron emission is pos-
sible. Once the fragments are de-excited below the neutron binding energy of
the least bound neutron, the residual energy is reieased in gamma radiation.

As a by-produect of the theory it is poSSible to calculate the average energy
release in gamma radJatJon. This turns out to be k. 6 Mev per fission in the
case of U 235 which is difficult to reconcile with recent measurements of this
quantity which are about twice that value. See Section ll 9, . There is no
satisfactory explanation of this discrepancy. MILTON35A has suggested that
gamma emission mlght be able to compete with neutron emission in the highly
deformed fragment nuclei at the moment of scission.

- LEACHMAN AND KAZEKS55 applied this theory of neutron emission to the
type of experimental dafa.discuésed in Section 11.7.3 in which the neutron
miltiplicities were recorded simultaneously with the energy or velocity of
both fission fragments. LEACHMAN AND KAZEK considered the case of the most
probable mass ratio in the slow neutron fission of U235 and the spontaneous
fission of Cf252 and for this mass ratio calculated.;vas a function of the

total kinetic energy. In both cases the quantity'd.?/ d EK was Jlinear.
The results are shown in Table 11.38,

354, J.€.D. Milton, Chalk River Laboratory report CRP-642-A, unpublished, 1956,

355, R. B. Leachman and C. S. Kazek,Jr., 'Neutron Emission from Fission Modes,
Phys. Rev. 105, 1511 (1957). : '
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Calculated and observéd variationS'in v for neutron-
The statistical uncertainties in the»U233

and Pu239 data are considerably greater than those indicated

~ for the U235 data.
1005 (1956).

Figure from R. B. Leachman,. Phys. Rev. 101,

Data from Diven, Martin, Taschek and Terrell,

 Phys. Rev. 101, 1012, (1956).
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Flg 11.101. Calculated and observed variations in Vv for spontaneous
fission. The histograms were calculated by LEACHMAN The data
are taken from Tables 11.32, 11.33 and 11.3k4.
The Berkeley data are from Hicks, Ise and Pyle, Phys. Rev. 101, b
1016, (1956). .The Los Alamos data are from Diven, Martin, Taschek
and Terrell Phys.. Rev. 101, 1012, (1956) The third set of points
for P§2”O is taken from Hammel and Kephart, Phys. Rev. 100, 190.
(1955
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-+ 'Table 1%.38.  The variation of the average number of neutrons V with
- the kinetic energy Ex of the fragments as calculated by LEACHMAN

and KAZEK3%5 for the most probable mass ratios Ry of fission. .

The :"temperature" of neutron emission is given by T. o

Ct

Fission case '~ . R, . T oo '-d;/dE »(Mev-l)
A K
(Mev) | .
uBB . .
. thermal neutrons. . 141/95 1.4 7 .=0.121
_ 1.0 : =0.130
£EOE 15/107 L.k 0 -0.116
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In the case of Cf252

value of -0.143 * 0,020 neutron fission © MeV ™' derived by STEIN AND WHETSTONES>®

the calculated value can be compared with the

from their experimental data.h See.Table 11.36 and discussion in Section 11.7.3.

. The LEACHMAN:method:.of calculatlon of neutron em1351on probabllltles
is rather complex and ’I'ERRELL357 found it d631rable to correlate the various
sets of. experlmental data -on- neutron emission probabilities by means of a
simpler calculatron,based on a minimum of parameters. In TERRELL'S treatment
it is assumed (l) that neutrons will be emittea whenever this i1s energetically
possible, (2) that the emission of any neutron from any fission fragment re-
duces the excitation of the fragment by a value which is nearly constant around
an average value E_> and (3) that the total excitation enérgy of the ‘two prim-
ary fragments has a Gaussian distribution with rms deviation ¢ Eo from the
average exc1tatlon energy E. EO is of the order of 7 Mev and ¢ is of the order
of 1. Since the excitation energy has a Gauss1an distribution and each
emitted. neutron reduces the exeitationmenergy‘by~Eb the neutron emission prob-
abilities also follow a Gaussian law. This conclusion is essentially indepen-
dent of the manner in which the two fragments share the excitation and should
also be true if a few neutrons are emitted before fission with about the same
value of EO. TERRELL derives the relationship-

; Pn = (Bﬁ)_l/z

o f (v-v + 1/2+b yo exp(~£2/2)at (11.65)

-
in which Pn is the probability of observing n neutrons
Vv is the average number of neutrons

o, as mentioned above, is the rms width of the total exictation in

units of the average energy charge, Eo’ per emitted neutron, and
b i5 a small adjustment (b < 10-2)

This equation was applied. to all experimental data on the probability distri-

butions PV; namely, the data listed in Tables 11.32, 11.33 and 11.34. It
was found that all data are reasonably well-represented by this distribution

252

if the parameter ¢ was chosen Z1.08. An exception was Cf which required a

356. W. E. Stein and S. L. Whetstone, Jr., Phys. Rev. 110, 476 (1958)
357. J. Terrell, Phys. Rev. 108, 783 (1957)
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35 : v g
‘o value of 1.21 * 0.01, The closeneQS‘of the fit of the semi-empirical curve
to the experlmental data is shown in Flg. 11. 102,taken from TERRELL'S paper.;s
f‘ " With a o value of l 08 and a reasonable choice of 6.7 Mev for E ,“thef
rms w1dth of most of the fragment ex01Latlon energy dlstrlbutlons is T.2 MeQ? 
‘and the full width at half maximum. 1s 17 Mev, The corresponding figures- for“

the exceptlonal case of Cf252 (0 = 1, ZL) are 8,1 and 19 Mev, These values are
in reasonably good agreement w1th the exc1tat10n energy dlstrlbutlons deduced

?from the experimental work on fragment klnetlc energy descrlbed in Sectlon ll 6_5
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probabilities.

Standard deviations are shown.
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11.102. Experimental non-cumulative neutron emission

The

continuous curves are for the "Gaussian" distribution

derived by TERRELL.

Figure from reference 357.
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11.8 DELAYED NEUTRONS: IN.FISSION -

11.8.1 Introdiuction and Résurd of Barly Investigations. When U™ or
some other'heavy‘eléméhf fuclide is caused to fission, & neutron radioactivity
may be observed. 'The total number of these "delayed" neutrons is of the order
of 1% of the prompt neutrons. The "delayed" neutrons are actually emitted
prompfly from a_highly-excited nuclide produced by the p decay of a precursor,
ﬁhése B-decay half-life controls the rate of emission of neutrons. If chemical
separation of fission products is made, the neutron radiocactivity is separated
chemically with the precursor.

Delayed neutrons play &n important role in the control of reactors and
this has stimulated an extensive study of their abundance and other character-
iéticé. These studies can be divided into two groups. The most extensive
studies have consisted of the examination of the gross neutron activity of
activated samples of fissionable material not subjected to chemical processing.
The second type of study consists of the chemical processing of fission products
immediately after irradiation and the identification of delayed-neutron periods
in specific chemical fractions. ‘

KEEPIN558-56O’561 has written excellent reviews on the subject of delayed
neutrons and we follow his treatment in much of what follows.

TLess than a month after the discovery of nuclear fission in 1939 Enrico
Fermi562 suggested that delayed neutrons might be emitted from fission frag-
ments after these had undergone one or more beta transitions. This was made
plausible by the theory of fission advanced by BOHR and WHEELER 563 and

F_RENKELB&L because it could be shown that in certain cases the energy released

558(;;G;>R. Keépin, "Delayed Neutrons — A Review as of October 1955", Los Alamos
" geientific laboratory Report, LA-1970, October 1955. )

%59. G. R. Keepin, "Delayed Neutrons" in Chapter 7 of Progress in Nuclear '
Energy, Series One, Physics and Mathematics, Volume 1, McGraw-Hill Book

Co., New York, 1956.

360. G. R. Keepin and T. F. Wimett, Paper P/831, Volume 4, p. 162, Proceedings
of the International Conference on the Peaceful Uses of Atomic Energy,
United Nations, New York, 1956.

361. G. R. Keepin, J. Nuclear Energy 7, 13 (1958).

362. See L. Szilard and W. H. Zinn, Phys. Rev. 33, 799 (1939).
363. N. Bohr and J. A. Wheeler, Phys. Rev. 56, 426 (1939). |
364, J. Frenkei, J. Phys. USSR 1, 125 (1939).
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in beta decay could exceed the blndlng energy of a neatron 1n the daughter
nucleus. . Under tnese‘condltlons a,Vdelayed 'neutron,couldﬁbe emitted with an
observed period equal to that of . the precedinghbetaeemitterlby the%process
illustrated. schematically in Fig. 11.3103 ‘ o

) The role of .delayed neutrons in the control of the nuclear chain reactlon
was first suggested in the literature by ZELDOWICH and HARITON 265 More tnan a
year. before achievement of the first. self sustalnlng chaln reactlon FERMI366
1ndependently pointed out the importance of delayed neutrons in controlllng the
rate of fission;in_a chain-reacting assembly. When the multiplication constant
k slightly exceeds unity the effect of the delayed neutrons is to make thefrate
of neutron increase much less‘(roughly a factor of lSO less)‘than it would have
been had all the neutrons peen released promptly; 'This'greatly_simplifies the
problem of keeping the chainareaction undervcontrol; Hence, a knowledge of the
effects of delayed neutrons is a_matter of great practical importance in
reactor design. . ' , | -

The first evidence for delayed emission of neutrons was reported by
ROBERTS, MEYER, and WANG. 56? These "delayed" neutrons whose reported half life
was 1lz.5 * 3 sec., were belleved elther to be nhotoneutrons produced by the
y-activity of the flss10n fragments or to be emitted dlrectly from one of the
fission products. Subsequent yleld measurements368 gquickly ruled out the first
possibility; two months later the BOHR-WHEELER hypothes153(3'3 was advanced thus
providing a plaus1ble mechanism. for the experimental fact of delayed-neutron
emission. Following ‘this, other workers soon found more delayed—neutrons
periods; BOOTH, DUNNING, and SLACK3 9 found two periods of half life 45 seconds
and 10-15 seconds with a total yield of ~O. 02 delayed neutrons per fission.
GIBBS and THOMSON37J observed no ‘periods of_appre01able yield between lO,3
lO-l seconds. BRPSTROM, KOCH and“LAURITSENazﬁ found two periods with half
lives of 12.3 and 0.1 - 0.3 seconds;‘ v C

and

365. Zeldowich‘anthariton,ﬁUSPEKHl-FIZ NAUK 23, No. 4, 354 (19%0).

366, E. Fermi in a letter to S.XK. Alllson, Oct. l9hl, see A. H. Snelid et al.
Phys. Rev. 72, 545 (1947).

367. R. Roberts, R. Meyer and P. Wang, Phys. Rev. 55, 510 (1939).

368. R. Roberts, R;'Meyer,'L‘ Hafstad and L.'Wang; Phys. Rev. 55, 664 (1939).
369. E. T. Booth, J. R. Dunning and F. G. Slack, Phys. Rev. 55, 876 (1939).
370. D. F. Gibbs ond G. P. Thomson, Nature 1kk, 202 (1939).

371. K. J. Brgstrom, J. Koch, and T. Lauritsen, Nature 1hl, 830 (1939).
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Fig. 11.103. 'Schematic drawing of mechanism for slow neutron
_emission.  Partial beta decay to excited levels in daughter
may reach levels lying above the neutron binding energy.
Partial beta decay to ground state results in conventional
beta decay chain with no neutron emission.
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The earliest detailed measurements on delayed. néutrons from'U235 fissioni’_
were made in 1942 by SNELL 2nd co-workers at Chicago°372 A BF3 counber surrounded
by paraffin wvas used to monibtor the decay of delayed=~ neutron acf1v1ty from a
106-1b. block of U 08 bombarded with Bev% D neutrons. Five delayed-neutron .
periods (half lives) were found ranging from O.4 sec. to 56 sec. The two

longer periods were abtributed to Br87.and 1137 B-activities preceding neuﬁron.
emission from excited states of Kr87-énd Xel37, REDMAN and‘SAXON3?3 were the
first to study delayed neutrons using a nuclear reactor: — the Argonne graphite
pile, The Chiﬂago and Argonne results showed signlficant disagreement only for
the shorter per:ods .

- With the bigher neutron flux availasble at the Argonne heavy water pile
(central flux ~20Tt neULrong/cm /seo ) and a newly-constructed rapid transfer
system (for 1mproved short period. work), the delayed neutrons from U 235 were
studied again in 1945 by HUGHES DABBS, CAHN, and HALL. 374 The decay of delayed
neutrons from an irradiated ssmple of U 235 (~89% isotopically enriched U 8) wae
recorded on electrocardloglaph tape, and then analyzed graphically into six
periods. The results, given in Table 11.39.have served as a standard of com-
parison for all subseqguent delayed-neutron studies on U 35, as well as the other
il&&]Oﬂﬂble isotopes In 1945, DE HOFFMAN,-FELD, and STEII\I}75 utilized very
sHort bursts of prompt neutrons from the "dragon" assembly (Los Alamos) to
investigate delayed neutrons from U2353 particularly the shorter periods. They
obteined five periods in‘substantial agreement with those of HUGHES et al., and
reported indications of a sixth-Shorteperiod gréup of 4 millisecond half-life
and gbundance ~2% that cf the total délayed néutfons. Later studies on the
contribution of "roomnreturn"'néuﬁfoﬁs indicated that this observed l milli-

second period could be accounted for by neutrons écattered back to the "dragon"

assenbly from surrounding walls and floor.

372. A. H. Snell, V. A. Nedzel, H. W. Ibser, J. s. Levinger, R. G. Wilkinson,
and M. B, qampson, Phys. Rev. 72, 541 (1947).

373 W. Redman and D. Saxon, Phys. Rev. 12, 570 (1947).
3%~ D. J. Hugheo, J. Dabbs, A. Cahn, and D, B.Hall, FPhys. Rev. 73, 111 (1948),
375~ F. de Hoffmen, B. T. Feld, and P. R. Stein; Phys. Rev. T4, 1330 (1948).
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The six periods listed .in Tablevll.39 account for all the delayed
neutrons in the fission of U235. Although, as we shall.see below, some of
these delayed-neutron periods represent complex mixtures of activities with
similar half-lives. These same periods with different abundances also account
for the delayed neutrons observed lnlthe'fiesion of other heavy nuclides.
Before summgnizingilater reserach on_the well—eefablishedZdelayedjneutron
Periodsy-Wewﬁisnaro:mentionutneveXtensive work which has been.done.to find
whether other periods:of shorter or longer half life are present in the
delayed-neutron decay curves.

-The -first reported search for short delayed neutrons of very short
periods was made by GIBBS and THOMSON37

As mentloned earlier; they found no delayed- neutron periods of appre-

with modulated (D D) neutrons on

ciable abundance ‘between 10 -3 and lO seconds The work at Argonne (cf.

Table 11. 39) revealed a new short delayed -neutron period from U 235 of half _
life 50 msec and relative abundance'0.033%. No period between 1 and 50 msec

was found. These short-period activity studies were made with a thermal neutron
shutter ("gulllotlne ) to produce short 1rrad1atlons at the Argonne heavy water

pile. The short period (t ~4 msec) from U 235 reported by DE- HOFFMAN, 315

1/2
has been discussed..  BROLLEY et al.376,using a pulsed cyclotron beam to
generate short neutron bursts, found no U235 flSSlon product act1v1ty shorter
than 0043 ‘sec. half life. Using a bare U 235 critical assembly pulsed at
377

1ntervals with -an 11 Mev betatron BENDT and SCOTT: measured. a short-period,

delayed -neutron group of half llfe lSO 41 milliseconds and abundance 2.7 *

0.7 percent. No shorter period was found. The authors discussed the hypothesis
that this group of delayed neutrons follows the decay of L19, the latter being
formed as a light fragment in ternary fission. However, COOK378 finds that Be7
ie produced in less than one in about lO7 fission; also FLYNN, GLENDENIN and
STEINBERG379 set.a similar upper limit on the yield of Belo. From this.and other

evidence, it is doubtful that the Li9 assignment of this period can be correct.

376. J. E. Brolley, D. H. Cooper, W. 5. Hall M S. Livingston and L. K. Schlacks,
Phys. Rev. 83, 990 (1951).

377. P. J. Bendt and F. R. Scott, Phys. Rev. 97, Tk (1955).
378. G. B. Cook, Nature 169, 622 (1952).
379. Flynn, Glendenin and Steinberg, Phys. Rev. 10} 1k92 (1956) .



UCRL-9036-Rev.

-332-

‘TPable 11.39

* .

Half lives and ebﬁhdances.of!delayedvneutrené from_U235
Group : : : o , "Relative
index Half life. (sec) . abundance
S  55.6 £.0.2" - ~0.034 £ 0.009 -
- 22.0 £ 0.2 ~ :  -0.220 * 0.023"

3 © u.s51#0.1  0.282 £ 0.017
b ' 1.52 £ 0.05 0.319 * 0.017

5 - 0.43.%0.05 0.112. * 0.011
6 . 0.05.+0.02  0.033 |

Ratio of total delayed neutrons~to-total_neutrons = 0.00755

Thls -isa widely quoted. table from Hughes et al., (ref 374),
for a more-recent, table see Table 11.41.
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" With modern'high‘fluX'reactors as fission sources, it has been possible

~ to look for delayed neutron periods appearing. in low abundance with halflives
of minutes or longer. No confifmed reports of any pefiods'longer'fhaﬁ the well-
established 55 second activity have appeared. One experimental problem in the
search for such activities is caused by the fact that hard-gamma radiation from
some of the‘fission‘prdducts can:giVéfan épparent'delayed—neutron period by
photodisintegration of the deuterium present in. the moderating material or in
the neutron detector. | | ’ -

11.8.2 Receht Reéuits oh bel@xg@:ﬁggtron Periods and Their Abundanées.'

LR VRNPVI NN PV PP T NV VNPV VI It N T i Pl NS D It 0 0 G Nt D D D 0 Pt B0 D D N N S D N N N

In the summary.reports of KEEPIN558—56Q-there appears a complete tabula-

tion of all determinations through 1956 of the delayed-neutron periods and
235

abundances for U-~7 and forvseveral_other fissionable nuclides. We should like to

report here only the work of KEEPIN, WIMETT and ZEIGLER58O because it is more

381

extensive than other published studies. We shall describe this work briefly.
- A bare U2§5.metal aésemblyvét the Los Alamos Laboratory known as the
"Godiva" reactor was used to provide a high flux of neutrons through small

382

samples of fissile material centered .in the reacting assembly. Such samples
could be irradiated for short bursts ("instantaneous exposure') or for long
times ("infinite exposure") to emphasize the shorter-lived or longer-lived
components, respectively, in the neutron decay curve. A pneumatic system
rapidly transferred the sample of fissile material. from the reactor assembly to
a well-shielded neutron counter. The decay of the delayed-neutron activity was
monitored by a multi-channel, recording, time-delay analyzer with 0.001, 0.01,
0.1, and 10 second channel widths following in automatic:sequence; the number

of channels of each width was variable, thus permitting selection of the most

suitable channel-width distribution for a given decay curve. The decay curves

%80. G. R. Keepin, T. F. Wimett and R. K. Zéigler, Phys. Rev. 107, 104k (1957);
see also J. Nuclear Energy 6, 1 (1957).
; ' ‘ ' 33

381. A rather similar study of delayed neutron’periods and abundances for U2 R
U235, ye38, Pu239, and Th252 caused to fission with the fast neutrons of
the Zephyr assembly has been published by Smith, MéVicar, Thorne and Rose,
J. Nuclear Energy 4, 133 (1957).

582. H. C. Paxton, "Critical Assemblies at Los Alamos”, Nucleonics 13, 49 (19%)
R. E. Peterson and G. A. Newby; Nuclear Sci. and Eng. 1, 112 (1956) .
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which were obtainedLwereicompositefourves(rathex_difficult_to resolve. graphically
with:copfidepoe._,The autho;s pyogrammed a.leaet-squaresuanalysis of_the_counting
‘data on an IBM-70L .digital computer. ‘?hé three longer periods.('cl T, T3) and
their abundance ratios were calculated from the "infinite irradiation! data;
the four shorter periods and their abundance ratios were calculated from the
"instantaneous irradiation" data. The six relative abundances so obtained were
then normalized to unity to give directly‘the fraction of delayed neutrons in
each group. When total yield measurements were desired the number of fission

99

events in the sources was determined by radiochemical isolation of Mo from
the irradiated sample. ' '

The Godiva central spectrum (for "fast" neutron irradiations) is a
slightly degraded fission-neutron spectrum. When it was desired to study de-
layed neutrons from a sample caused to fission with thermal neutrons a "thermal”

spectrum was obtained within an 8-inch cubic polyethylene block, cadmium-

‘shielded and mounted mear Godiva.

, 238,

are summarized in Table 11.40. Thermal-fission

235

Fast-fission delayed neutron data taken with -samples of U
u?33, pu®37, P20 ana Th23?
data are presented in Table 11:L4l. The -absolute total yields of delayed neutxrons
perfission are given in Table 11.42. In all cases, the data were completely
described by six neutron periods although there were'slight-differences'in the
values of'the‘periods from one ‘isotope to the next. The differences in relative
end sbsolute abundances in different fissioning nuclei are reasonable on the
basis of shifts in the ‘mass and charge distribution of the fission products.

Differences -in the periods reported in this work compared to the
earlier work of HUGHES (Table 11.39) and others are attributed largely to
(l) different amounts of data in the critical time interval 5 to 4O seconds and
(2) or the different methods of'analysis - least squares fit versus the more
subjective graphical "exponential peeling' method.

| It was natural in the beginning to ‘assume that the six delayed-

‘neutron periods Wthh constantly recur in studies of the gross neutron radio-
activity of most fissile heavy nuclei :must. be assoc1ated with Jjust six beta
active nuclides whose half lives are:just the SlX half periods deduced from the
~analysis of the gross decay data. However, the radiochemical studies described

'in the next section show that the 22 second the 6 second and the 2 second

periods are complex and
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| Pable 11.40

Fast- flSSlOI" delayed: neutxon data of Keepln Wimett. and Zleg,ler }
o s I ) .. . ‘Absolute group.
Group - Halg‘ ge T " Relative abundance ~ yield (%)
index i S€ec ai/a S (for pure isotope)

U 3’(99.9% 235;
n/F-= 0.0165 * 0.0005)

-

1 ‘54,51 + 0.94 0.038 £ 0.003 0.063 £ 0.005
2 21.84 + 0.54 0.213 % 0.005 0.351 * 0.011
3. 6.00 £ 0.17 - 0.188 % 0.016 0.310 + 0.028
L4 2.23 * 0.06 ~0.4%07 + 0.007 ~0.672 £ 0.023
5 0.496+ 0.029 0.128 + 0.008 . 0.211 * 0.015
6 0.179% 0.017 0.026 * 0.003 0.043 * 0.005
u?3%(90.988 238;
n/F = 0.0412 * 0.0017) - : : _
1 52.38 £ 1.29 - 0.013 % 0.001 © 0,054 £ 0.005
2 21.58 £ 0.39 0.137 + 0.002 . 0.564 £ .0.025.
3" ' 5.00 £ 0.19 0.162 +°0.020 0.667 % 0.087
N 1.93 + 0.07 . . 0.388.+ 0.012 .. . 1.599 £ 0,081 .
5 © 7 0.490%°0.023 ¢ 0.225 * 0.013 . - 0.927 £ 0.060 . .-
-6 .~ 0.172f 0. 009 . 0.075 £ 0.005" 0.309 % 0,024 . -
0?3 (1008 233
B n/F 0.0070 * 0.000k) o -
1 55.11 * 1.86 0.086 % 0.003 0.060 * 0.003 .
2 20,7kt 0.86 - 0.274 £ 0.005 ©0.192 + 0.009
3 5.30 * 0.19 0.227 + 0.035 0.159 + 0.025
L '2.29 £-0.0L 0.317 * 0.011 - 0.222 £7°0.012
5 0.5L46+ 0.108. 0.073 £ 0.0LL .- 0.051 * 0.010 -
6 0.221* 0.042 0.023 * 0.007 0.016 * 0.005
Pu?39(99.84 239;
n/F = 0.0063 * 0.0003) )
1 53.75 * 0.95 0.038 + 0.003 - 0.024 £ 0.002
2 - 22.29 ' 0.36 0.280 = 0.00k 0.176 £ 0.009
3 5.19 +0.12 0.216 + 0.018 0.136 + 0.013
b 2.09 + 0.08 - 0.328 * 0.010 . 0.207 + 0.012
5 0.549+ 0.0k49 . 0.103 % 0.009 0.065 *+ 0,007
6 0.216+ 0.017 0.035 t 0.005 0.022 * 0.003
2uo(81 5% 2L40;
n/F = 0.0088 + 0.0006) .
1 53.56 + 1.21 0.028 + 0.003" 0.022 £ 0.003
2 22.14 + 0.38 0.273 + 0.00L - 0.238 * 0.016
3 5.14% + 0.42 0.192 * 0.053 0.162 + 0,04k
L 2.08 + 0.19 0.350 * 0.020 0.315 + 0.027
5 0.511+'0.077 0.128 + 0.018 0.119 * 0.018"
6 0.172% 0.033 0.029 * 0.006 0.02h4 * 0.005
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_Table 11.40 (cont'd.)

- Absolute group

iy Bepfggren MO AMROMOS pme thosope)
232(1007 232 , | |
"n/F 0.0496 + 0. oozo) 7
1 56.03 + 0.95 | 0.034 = 0.002 . 0.169 * 0.012
2 20.75 + 0.66 © 0.150 *.0.005  0.7hk %+ 0.037
3 5.74 £ 0.24 0.155 £ 0.021 - 0.769 + 0.108
L 1 2.16 + 0.08 © 0.L446 £ 0.015 2.212 * 0.110
5 0.571% 0.0k2 ©0.172 £ 0.013 . 0.853 % 0.073
6 0.211% 0.019 ' 0.043 £ 0.006 0 £ 0.031

.213

®Total data for each nuclide were obtained from 4O prompt-burst irradiations
and hQ long irradiations with the exception of the U 3 fast-fission data
which were'obtained from 80 prompt-burst irradiations and 80 long irradiationms.

PIndicated for each nuclide (1n parentheses) are: (1) 1sotoplc'purity'of
sample used for period and abundarce measurements, and (2 n/F total
absolute yield in delayed neutrons per fission; note that n/F values (and
absolute group yields) have been corrected to 100% isotopic purity.. . &
“Uncertainties indicated are calculated probable errors (from IBM-704 computer).

dTl, ng.andvthe ratio aﬂ/ge'ere taken from final long—irradietion data.

Zal =a =n/F E total delayed neutrons per fission. Abundance val ues
reported include correction (< 3%) for detector response.
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Table 11.41 _

Thermal figsion delayed neutrod data of Keepih, Wimett and Zeiglera_e
Group _' Half—life, Ty Relative abundance, Absolute group
index 4 - - (sec.) A;l e aifa - : = yield (%)

W3 (99.9% 2355 =

n/F = 0.0158 + 0. 0005) o , L
1 55.72 £ 1.28 0.033 £ 0.003 0.052 * 0.005
2 22.72 £ 0.71 0.219 + 0.009 0.346 + 0.018
3 6.22 * 0.23 0.196 £ 0.022 0.310 * 0.036
. 2.30 * 0.09 0,395 £ 0.011 0.62L4 + 0.026
5 0.610% 0.083 0.115 * 0.009 - 0.182 + 0.015
6 0.230% 0.025 0.0k2 + 0.008 0.066 £ 0.008

, ,

Pu"39(99.8% 239;

n/F = 0.0061 + 0.0003) _
1 54,28 + 2.34 0.035 * 0.009 0.021 * 0.006
2 23.04 £ 1.67 0.298 + 0.035 ©0.182 + 0.023
3 5.60 % 0.40 0.211 + 0.048 0.129 * 0.030
b 2.13 + 0.2L 0.326 + 0.033 0.199 * 0.022
5 0.618% 0.213 1 0.086 £ 0.029 0.052 * 0.018
6 - 0.257 £ 0.045 - 0.04h + 0.016 0.027 * 0.010

U233 (100% 233;

- n/F = 0. 0066 + 0.0003)

1 ' 55.0 £ 0.5k 0.086 * 0.003 , 0.057 = 0.003
2 20.57 + 0.38 0.299 * 0.004 0.197 * 0.009
3 5.00 = 0.21 0.252 + 0.040 0.166 £ 0.027
b 2.13 + 0.020 0.278 * 0.020 0.184 + 0.016
5 0.615% 0.242 0.051 * 0.02k4 0.03k £ 0.016
6 0.277% 0.047 0.034 * 0.01Lk 0.022 * 0.009

fTotal data for each nuclide were obtained from 4O prompt-burst
irradiations and 40 long irradiations. :

Indlcated for each nuclide (in parentheses) are: (1 ) 1sotoplc purlty of
sample used for period and abundance measurements, and (2) n/F = total
absolute yield in delayed neutrons per fission; note that n/F values (and
absolute group ylelds) have been corrected to lOO% 1sotop1c purity.

Uncertainties indicaced‘are calculated probable errors (from IBM-70k4
computer).

T, T5, and the ratio al/ez are taken from final long-irradiation data.

e
‘laj = = n/F total delayed neutrons per fission. Abundance values

TPDOIIL@ include correction (< 3%) for detector response.
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Table 11.42
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Absolute yields of delayed neutrons

Absoiutewyield

Fissile (delayed neutrons/fission for pure isotope)
Nuclide Fast fission ' Thermal fission
Pu239 0,0063 +* 0.0003 0.0061 * 0.00Q3
U233 0.0070 = 0.0004 0.0066 % 0.0003 .
Puzl*o ‘ 0.0088 + 0,0006 Cm——
@32 0.0165 * 0,0005 0.0158 * 0.0005
U238 “0.0412 £ 0.0017 S
3% 0.0L96 * 0.0020 ST

: 241
Pu 0.0154 * 0,015

All data from Keepih, Wilmett, and Ziegler except that for

PUZAl

which comes from Cox, Phys. Rev. 123, 1735 (1961).
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that each contains at least one bromine and one iodine precursor activity. It

is quite likely that the'0.5 and 0.2 second periods are also complex.
583 ’

COX and co-workers

252

have investigated delayed neutrons in. the. spon-

252

taneous fission of Cf A weightless source of cf with a fission rate of
3.76 X 106-per minute was deposited upon a platinum planchette, A steel
"catching" disk was placed.b.5 mm from this source to catch the fission frag-
ments ejected from‘the source. After a preset collection time a pneumatic
shuttle transferred the "catcher" to the center of a neutron detection system
" and the neutron emission rate was measured until the activity on the collection
disk had ‘decayed to a negligible amount. This process was repeated many times
and the collection time was varied‘over a Wide.range-in:order to enhance parti-
cular delayed-neutron emitters. -

The chief results are summarized. in Table 11. MBE The considerable
dlfference between this table and Table 11.41 can be explalned by a considera-

252

tion of the differencées in the dlstrlbutlon of fission fragments for Cf

235

compared to U The heavy fragments have rather similar distributions in

mass and charge so that heavy fragment delayed-neutron precursers such as

iodine isotopes should appear in both cases. On the otner hand, the light
252

fragment distribution of Cf is shifted to much heavier masses and to a

region where delayed -neutron precursors are not expected on- theoretlcal grounds.

87 and Br88 which contrlbute to the U 225

252

Hence, those activities such as Br
delayed neutron decay curves are absent in the case of Cf
Energy measurements have been made on the delayed neutron groups by

368,37k,384,385,386

several groups of investigators. Some of the results on

the mean. energies are summarized in Table 11.kk.

38%. Cox, Fields, Friedman, Sjoblom and Smith, Phys. Rev. 112, 960 (1958) .

384. Burgy, Pardue, Willar, and Wollan, Phys. Rev. 70, 10k (1946) . |

385. T. W. Bonner, S. J. Bame, Jr., and J. E. Evans, Pnys.‘Rev. 101, 151k
(1956) . , o

386. R. Batchelor and H: R. McK. Hyder, J. Nuclear Energy 3,.7 (1956) .
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. Table 11.43

oV E W o M

Delayed ngutréu peilodc .in the %punuaneous fission of Cf;5?vvfr9m‘00$ anﬁ.co;ﬁwrkews382
. L ’ - ‘ ,3'_ ' Abgolute yield: . . ‘ ~
Group def ljfe Relative ‘ neutrona/f1551un Suggested
number  (seconds) abundance - C o (%) Precursors
1 20.0%0:5 -0.255 +-0.01 - 0.22 % 0.01 113 Xe 70522802
2 S 2l0 + 0.4 0.338.% 0.0L6 0.29 = 0.0h :ILBQXe?Cs?Te?Sb?‘“
3 = 0.5 £ 0.4 0.LOT £ 0.12 - 0.35 0.1 ¢ ,"Il%OCSQXe? R *
| o Total 0.86 £ 0.1
v N Table ll Mh
Mean energles of the delayed neutron groups for U 35
- Com »(sec) , Hughes37h ‘ Burgy?gu : Batéhelbr_?)b6
Group 1/2 _ Argonne Oak Ridge Harwell
index '~ 0 o e oo (kev)~ . “(kev) . - _ (kev)
SShel o250 % 60 © 300 + 60 250 + 20
22 .t 560 £60 670 % 60 - L6010
5.9 - =430+ 60 . 650 £100 - k05 & 20
C2i20 . o 620 £ 60 wm - 910 % 90 . k50 % 20
046 ... k20 £ 60 .h00.% 70 . -
0.13 o emm L eme e
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11.8.3 Radlochemlcal Identlflcatlon of Delay ed—Neutron Precursor *.
Rad:ocncmlcai 1nvest1gatlons have proved ‘thet at least’ three of the six’ well-
estab11Ched delayed neutron periods are complex. From the work reported below,
it is certain }hat Lhere.are-at_least_eleven,dlstinct radiocsctivities which
contribute to the gross neutron decay curves; and it is probable that there are
other unresolved contributors. The chemical assignments are summarized,inz
'Table 11.45. T'he studies on which these assignments are based-are outlined

below.

The 54 Second_and 22 Second Periods

In 19MO_HAHN and STRASéMANNSBY.ohemically isolated several short-lived
- halogen activities from fission. Included among these were a 50 £+ 9. second
bromine activity'and‘a 30 £ 6 second iodine activity; In laterHWOrks,388’389
masses of 87 and 137, respectiyely,»were assigned to these activinies. Iﬁé
dependently, SNELL and co-wofkers390 identified_the 55 second delayed-neutron _
precursor as an isotope of bromine and the 22 secondlprecursor as an isotope'of
iodine. Comparlson with known Br and I B- emltters led to tentatlve 1dent1f1ca—
tion of Br87 137 ‘as-the 22 second delayed- neutron
preéﬁfsors' Soon thefeafter, SUGARMAN39‘ established (a) the half life of Br87'
as 56.1 t+ Q.7 second in sgreement with the (then) measured 55.6 * 0.2 second.

delayed neutron period, and (b) the half life of'I137 as 19.3 £ 0.5 second in
o Co¥x%

as the 55 second and I

substantial agreement with the 22.0 * 0.2 second delayed neutron period.

*A delayed neutron precursor is a flSSlOn product nuclide which B- decays to ah
ex01ted state of a delayed neutron emitter.

*1t may be pointed out that a real difference in delayed neutron periods and
their corresponding radiochemically-determined periods may exist owing to (l)
lengthening of the effective precursor period by "feed in" by cascade B

- emission from several members of the chain, and (2) contributions from other
(presumably unknown) delayed neutron emitters of comparable period.

387. 0. Hahn and F. Strassmann, Naturwiss. 28, 817 (1940).
388. H. J. Born and W. Seelmann-Eggeberg, Naturwiss. 31, 59 (1943); 31, 86v(19u3).
389. V. Reizler, Naturwiss. 31, 326 (1943). '

390. A. H. Snell, J. S. Levinger, E. P. Melners, M. B Sampson, and R. G.
Wilkinson, Phys. Rev. 72, 5&5 (1947). :

391. N. Sugarman, J. Chem. Phys. 17, 11 (1949).
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Table 11.45

Assighment of delayed‘neutron precursors
Delayed neutron © Identified - Adaitionsl predicted
period ' o “delayed neutron precursors
SR precursor

Br87

; o 1
22 seconds ‘ 24 .2 second T 37
c plus
16.3 second Br88

54 seconds - - .- 56.1 second

5-6 seconds 4.5 second Br89(?)
: -5.6'se£i2311138 |
"6 secona mIZI3(3)
2 seconds . | l.é_éecond‘ﬁr9o(2)b Bf9o, Br9l-92, Csluu
2.7'se£i§§ 1139 v

‘~ 1.5 sefizz 'KI"9_2-9LL
jQO?S éeéonds t‘ | ‘ | 1140, Kr95, Br92

0-18 seconds » . . . ' . ‘ Br9_3’ A587(86), R'b97(96)

* - ' A - : v
This period has often been given as 4.5 seconds (See Table 11.39). This
discrepancy is accounted for by difficulties in resolving the multicomponent
neutron decay curves.

*% L - : -
After Keepin, J. Nuclear Energy 7, 13 (1958).
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STREHNEY and SUGARMAN have measured the total fission yield of Br ' as 3.0 %
0.1% and the energies of BI'87 B-rays as 2.6 and 8 Mev. See Fig. 11.10k. This

87 at energies > 5.4 Mev.

establishes the neutron emitting levels in Kr

PERLOW and S'I‘EHNEY393 identified a neutron period of 16.3 + 0.8
seconds among thie bromine fission products and assigned it to the precursor
Br88. This was the first identification of a precursor of odd-odd nuclear ‘
type. This 16. 3 second activity contributes to the 22 second perlod but. to a
lesser extent than does 24 second I 137, KEEPIN, WIMETT and ZIEGLER 380 feor
example, were not able to resolve a 15 second period from their decay curves
-of gross neutron activity. ‘ o

The results of.COX et §1.383 _on the delayed-neutron periods in the
spontaneous fission of szsz (give above in Table-ll.h3)-indicate that there
may be additional.contributors to the 22 second group. In the case of Cf252
bromine isotopes cannot contribute to the delayed neutrons and one might expect
the 24 second I 137 to domlnate completely. However, the measured period is 20
t 0.5 seconds instead of 2k seconds indicating that one or more unidentified

2oz 20-second group, these
235 -

heavy-fragment precursors must contribute to the Cf

unidentified precursors may well be present also in fission.

The 5-6 Second Period

A contributing precuxsor of the third delayed-neutron group (~6.°econd
half life) has been sﬁown39 to follow the chemistry of bromine and to have a
mass number in the range 89 to 91. Attempt to measure the half lives of Br89
and Br9l radiochemically — by extractlon of the descendent Sr act1v1ty - were
unsuccessful due to prohibitively low activity at the; tlme of counting. 391

Because of the difficulties #n radiochemical 1dent1flcat10n of the 6
second and shorter periods, SUGARMAI\139lL strove to place some llmltatlons_on the
possible choices of mass number and element by means of a recoil technigque.
Previous work had shown (See Section 11.6.L4) a regular variation of recoil

range with the mass of the fission fragments, the range decreasing, as the mass

392,j A. F. Stehney and N. Sugarman, Phys. Rev. 89, 19k (1953).
393." G. J. Perlow and A F. Stehney, Phys. Rev. 107, 776 (1957).
39hx§ N. Sugarman, J. Chem. Phys. 15, 5Lh (1947).
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11.10k. Schematic intérpretation of delayed neutron
emission in the case of the gass 87 fission chain.

Figure prepared by KEEPIN.35
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increases, as shown in Fig. 11.77. Thus the mass number of a fission product
can be estimated by measuvlng the range and comparing it. w1th ranges of fission

products of known mass number. SUGARMAN39

measured the amounts of the 4.5
second and 1.5 second delayed-neutron activity’paSSing through various thick-
nesses of aluminum foil. He then used the recoil ranges of the 55 .6-second

and the 22-second ectivities as standards to compute a value of the ranges of
the unknoﬁns. He was able to state that a 4.5 second activity andlthe 1.5
second éctivity had mass number of 90 + 10 and 129 + 5 respectively. From a
knowledge of the regulerities 1n the mass yield curve of fission, the mass
number renges could be further reduced to 86- 91 and 129-135 respectively. Using
this as a guide, Sugesrmen showed that the 4 L
55.6 second Br87

This esteblished the identity of a mein contributor to the k-6 second delayed

4.5 second activity accompanied the

activity through radiochemical procedures specific for bromine.

neutron group as bromine of mass number 86 to 91. Present evidence favors the

assignment Br89. PERLOW and.STEHNEY395 corroborate the existence of a bromine

‘fission product delayed neutron precursor with a half life of HLM + 0.5 seconds.
 PERLOW and STEHNEY395

neutrons w1th a 6. 3+ 0.7 second half llfe and attributed it to I

also found an iodine activity which emitted
138 which is
known from other studies of its beta par+1c1e decay to have a half life of 5.9
seconds. These authors also found evidence for a rubidium precuvsor with a

6 minute half llfe. Tbey assigned this to Rb9 or Rb93
396

on the basis of reported
half lives.

The 2 Second Period

395,396

studied neutPon radiocactivity in bromine, iodine,

235 and

PERLOW and STEENEY _
and noble gas fractions isolated quickly after neutron irradiation of U
found & 1.6 + 0.6 second neutron period in the bromine fraction, a 2.0 + 0.5
second period in the iodine frection ard a ~ 1.5 second period in the noble gas
fraction. - The-brbmine activity is tentatively assigned to Br9o while the iodine
activity'is +0 be identified with 1139 whose helf 1life has been determined radio-

391 92- 94

chemically tovbe 2.7 seconds.  The noble gas activity is assigned to Kr

it contributes only about 0.5 percent of the total delayed-neutron yield from

232

395. G. J. Perlow end A F. Stehney, Phys. Rev. 113, 1269 (1959); see also
Paper’ P/69l Volume 15, of Proceedings of the Second United Nations
Conference on the Peaceful Uses of Atomic Energy, Geneva, 1958.

396. A. F. Stehney and G. J. Perlow, Bull Am. Phys boc,‘II,ég;éZgﬁlQél)u
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The 0.5 Second and 0.2 Second Periods

The identity of these delayed-neutron precursors has not been established
because of experimental difficulties. KEEPIN'S suggestions of possible assign-
ments are given in Teble 11.45. '

ll.8.h The Shell Model Interpretation of the Delayed Neutron Emitters.

The BOHR-WHEELER mass equation mekes it clear that beta emitters far removed.
from stability can have sufficiently great decay energles that neutron emission
from excited levels of daughter products may be p0551b1e. VHowever, this mass
equation is not able to give éorrect assignments to the delayed neutron pre- |
cursors observed in fission. The shell model can assist in meking proper
assignments and predictions through a consideration of the sharp drops in neutron
binding energies which dccur at the shell edges. Only the 50 and 82 neﬁtron
shells are of significance in this regard as they are the only neutron shelis
which occur in the regions of appreciable fission yield. N

In the beginning it was ususl to state that the delayed neutron precur-
sors should have one or a few. pairs of neutrons beyond a closed neutron
configuration; these nuclides would be expected to decay by beta emission to
excited states in odd-neutron nuclides, which because of their partiéularly low
binding energies for the last neutron would exhitit thé greatest probability

525,87 (54), (89) 841137 4

for neutron emission. The known activities ’ 35 P 53

22 139 fall in line with this view. However, it has come to be realized* that

(EB - Bn}>' O is the real criterion for delayed neutron emission and that one must

consider odd-odd nuclel with neutron numbers slightly higher than closed shells

gs equally probable condidates for delayed neutron precursors; this stems from

the fact that the beta decay energy of odd-odd nuclei is greater thgg for oddé
13

even nuclei. Hence it is not surprising that the odd-odd nuclei Br and I

have also been ildentified among the fission product neutron activities.

397- G. R. Keepin, J. Nuclear Energy 7, 13 (1958); see also Soviet Journal of
Atomic Energy 4, 339 (1958). -

398. A. C. Pappas, Paper P/583, Volume 15, Proceedings of the Second United
Nations International Conference on the Peaceful Uses of Atomic Energy,
Geneva, 1958, p. 373; also see the paper of A. C. Pappas and G. Rudstam,
Nuclear Physics 21, 353 (1960).

*
~See for example the discussion in reference 395.
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PAPPA8398 and KEEPIN397 have independently carried through semi-theoretical
enalyses of the. identity and yields of the delayed neutron precursors. We quote
here in the form of figure 111105 from a comprehensive 1958 paperaof KEEPIN.397
If one considers e particular fissioning nucleus one -can start such an analysis
by listing_all the fission products'whOSe half lives fall within eXperimental
error of the measured delayed nentron“periods. Then from known mass-yield'curves
and from an application of a preferred form of the charge distribution postuiate,
one cen estimate the cumulative fissionryield'of gll the possible candidates. The
next step is to compute & "nevtron emission probability" which characterizes the
competltion between neutron emission and beta decay for each p0851ble emitter The
calculation of the.neutron emission probability, P 0’ is the difficult part of the
overall ana1y51s and 1nvolves the applicatlon of beta decay theory. But the
1mportan+ parameters in +he calculation, such as the energy available for beta
decay, the level density as a function of eXCitation, the neutron binding energy,
are not known from. experiment. These parameters'are'evaluated from systematic
trends in beta decay energetics, level densities; nuclear masses and binding
eneréies. -5ince these trends are strongly influencedﬁby neutron and proton shells
the resulting Pn ralues'are-also strongiy influenced_by the,SO neutron and 82
neutron shells which occur in the mass region spanned by the fission products.
KEEPIN'S predictions of delayed‘neutron precursors are shown in figure 11.104.

. It can be noted that ali the predicted precursors lie~in two small islands of

nuclides lying just beyond the 50 and 82 neutron shells. Aside from the fact that

the radio-chemically identified precursors are among; the predicted nuclides, his

analysis is able to account for the following features of the delayed-neutron

precursors in the 6 fission cases covered in tables ll‘hO andrll 41; namely:

| (1) the fact that the same 6 periods, with only minor half life
varlations, are seen in all cases,

(2) +the rather substantial variation in total yield of the delayed

.neutrons compared to total neutrons, and

(3) +the shifts in the relative amounts of the delayed neutron periods

This analysis prov1des a self—cons1stent description of delayed neutron
data. It also‘opens up tne possibility of making a reliable predlctlon of the
characteristics of delayed neutron emission in fissioning systems.for which
experimental data exist on fission product yield and charge:distributions but

for which no data on delayed neutrons has been gathered.
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Fig. 11.105. Summary of KEEPIN'S'predictions of délayéd neutron precursors.
The heavy and light peak fission-product regions of the chart of the
nuclides (plot Z vs. N) are shown. The line of nuclear stability, Zp,

asses through the upper left of each region. The two exclusive regions
%shown,shaded) are predicted to contain all delayed neutron precursors

of detectable yield. Within these regions, specific precursor pre-
dictions for each delayed neutron group (denoted by group index number
in circle) are classified as follows. - o :

<:> most probable main precursor

C) possible main precursor

() most probable contributor

{) possible contributor
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It 1s noteworthy that other delayed neutron act1v1t1es dlscovered 1n
experlments unconnected w1th ‘nuclear f15510n are explalned by s1m11ar shell
model considerations. Nltrogen-lY dlscovered by ALVAREZ399 and L19
by GARDNER KNABLE and MOYERMOO are beta emitters produc1ng a daughter nucleus>

dlscovered

w1th a weakly bound ‘neutron added to a partlcularly stable even- even configura~

' : 210 -
tlon Another case is the em1551on of neutrons from exclted levels of Pb

reached in the beta decay of RaC"(Tl2lO). The total beta decay energy is’
5 I Mev whilé the heutron blndlng energy of the 188t neutron in szl is h 81
Mev. KDGAN and RUSINOVLLOl have detected neutron emission once in’ every SOOO .

d1s1ntegratlons

. Alvarea, Phys. Rev. 75, 1127 (1949).

399. L. W

Loo. A. L. Gardner,. N. Knable,.and B.. J. Moyer,. Phys. Rev. 83,1054 (1951) .

L401. A. V. Kogan, Soviet ‘Physics. Doklady 1, 372 (1957), A V Kogan and i
‘L. I. Rusinov, Soviet Phy51cs JETP 5, 365 (1957)." '
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11.9 GAMMA RAYS IN FISSION

. A knowledge of the prompt _gamma, rays. accompanying the fission, of a
heavy nucleus should prov1de some very cruc1al tests for any. detailed theory of
the flss1on process A knowledge of the prompt gamma spectrum is also .of some
1mportance ‘in de51gn1ng shielding for a reactor or other critical assembly

Barly studies of prompt gamma rays in the flSSlon of U 35 by DEUTSCH
and. ROTBLATT”O2 and by KINSEY, HANNA and VAN PATTER“O3 gave k. 6 Mev and 5.1 Mev

respectively as the total release of energy in prompt gamma radiation per fission

act. However, the later results of FRANCIS and GAMBLEAO% and of MAIENSCHEIN et

al.LL 5gave the con81derably hlgher values of 7.46 and 8.0 Mev respectively A
235

very careful study of prompt gamma emission in U fission was reported by

MATENSCHEIN, PEELE, ZOBEL and. LOVELLO6 at Geneva in 1958. The gamma-ray energy

LoT

spectrometer was of the multiple-crystal scintillation type. One sodium

iodide (tl) crystal (the "center" crystal) absorbed the energy of electrons
produced by gamma radiation incident upon it. Auxiliary crystals. largel§y
shielded from the‘U235.source detected secondary gamma.rays.from either the
Compton or.pair interaction processes .in the center crystal. The two crystals
were operated in coincidence. Experiments to determine the gamma ray spectrum

235

in time coincidence with fission used for a source the U contained in an

ionization chamber. The minimum response -time of the fission-gamma coincidence
system was about 2 x'lO_8 seconds. The prompt gamma-spectrum observed by this
technique is given in Fig. 11.106. The average energy is 7.2 + 0.8 Mev.

These experimentalists also show gamma spectra for radiation emitted

shortly after fission in delay periods ranging from 0.12 x 10;6 to 1.4 x 10-6

402. M. Deutsch and H. Rotblatt, Atomic Energy. Comm1ss1on Declassified Report,
AECD-3179 (194k).

-403. Kinsey, Hanna and Van Patter, Can. J. Research 26A, T9 (1948).

4O4. J. Francis and R. Gamble, Oak Ridge National Laboratory Report, ORNL-1879
(unpublished).

L05. F. Maienschein et al., Oak Ridge National Laboratory Report,  ORNL- 1879
(unpublished). :

LO6. F. C. Maienschein, R. W. Peele, W. Zobel and T. A..Love, Paper P/670,
Proceedings of the Second United Nations Conference on the Peaceful
Uses of Atomic Energy, Geneva, 1958 :

LOT7. For a discussion of a Compton spectrometer see R. Hofstadter and J. A.
McIntyre, Phys. Rev. 78, 619 (1950) and T. H. Braid, Phys. Rev. 102, 1109
(1956). For a discussion of a pair spectrometer, see H. I. West, Phys.
Rev. 101, 915 (1956).
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The energy spectrum of” gamma rays observed within 406
5 x 10'8 seconds of the' flSSlOl’l of U235 (Malenscheln et al.).
The ordinate errors shown were obtained from counting statistics,
and the energy errors represent in each case the energy interval
- over which the results were averaged.

The- authors state that this
plot represents a prellmlnary analys:.s of the data and systematic

errors as. large as 15% may occur 1n some. energy reglons.
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seconds. They also studied gamma rays emitted a few seconds to a .few minutes
after fission. The most surprising feature of these delayed spectra was that'
integral photon intensities as great as 5.7 percent of the prompt radiation were
found for delay times in the microsecond range. Since nuclear beta decayiis

-3

seconds these measured

408

energetically'forbidden for decay times as short as 10
gamma. rays must be assumed to arise from isomeric transitions. -SKLIAREVSKII
found that v1rtually all the gamma ray photons are emitted 1n a-time interval
1/2 to 2- 1/2 millimicroseconds after fission.

There are experlmental difficulties connected with a study of U 235
flss1on because of. the neutron atmosphere required for the experlments SMITH,
FIELDS and FRIEDMAN'Y.

the spontaneous fission of szsz where the experimental conditions are "clean"

thought it desireble to study prompt gamma emission in

and there are no complicating backgrounds. Furthermore, since the characteris-

nd. U235 are very similar, as we have noted throughout

tics of fission in Cf252
this chapter, the release of gamma radiation might be expected to be similar in
the two cases. BOWMAN and ’I‘HOMPSONLL carried out a similar study.

Thesmeasurements weré made by coincidence -techniques requiring the
simultaneous response of f1551on fragment and gamma ray detectors. SMITH,
FIELDS and F.RIEDMAN4 2 used a gas scintillator cell as a fission detector be-
cause of the speed of its response and single or multiple sodium iodide crystal
detectors for the gammavrays BOWMAN and THOMPSON %}9 used an ionization cham-
ber to detect fission. fragments and a sodium .lodide crystal to detect gamma rays.
In both studies the measured gamma, .ray. spectrum had to be corrected in a major
way for the photoelectric efficiency of the crystal, Compton electron and pair
production effects, . etc.. .

Figure 11.107 taken from the paper af SMITH, FIEIDS and FRIEDMANLPO-9
252

and compares it with the spectrum

235

shows the corrected photon spectrum of Cf
observed in the slow—neutron induced figsion of U The spectra are seen to
be very similar. Some characteristics of the photon spectra are compared in

Table 11.46.

408. V. V. Skllarevskll, D. E. Fomenko and E. P. Stepanov, JETP 32, 256 (1957);
translation Soviet Physics JETP 5, 220 (1957).

409. A. B. Smlth,~P. R. Fields and A. M. Friedman, Phys. Rev. 104, 699 (1956).

410. H. R. Bowman and S. G. Thompson,  Universityhof California Radiation
Laboratory Report, UCRL-5038, March, 1958; also published as Paper P/652
in Proceedings of the Second Internatlonal Conference on the Peacefui
Uses of Atomic Energy, Geneva, 1958.
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Fig. 11.107. Photon spectrum from the fission of Cf252

and U235.
From Smith, Fields and Friedman. 0 :
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Table 11.46

Characteristics of prompt gamma rays emitted in fission

Energy loss _
S Photons- ~ - in photons . Total energy
Fissioning  Total photons per fission per fission ., loss in
isotope per fission = (0.5-2.3 Mev) (0.5-2.3 Mev) photons Ref.
235 ' b | | S |
U7 4n . R ——— - E 7.2 Mev 406
252 ' ‘ , o s o
Cf _ 10.3 - 5.0 - 5.2 A 8.2 Mev %09
Cr »2 ‘10 ‘ s v 9 Mev 410
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Log

SMITH, FIELDS and FRIEDMAN also made some measurements of the gamma.
ray spectrum in oo;ncidence with‘fragmentopairsimeasured5inga;double ionization
chamber. The photon spectrum was studied as .a function of the mass ratio.v‘Ihe
data were d1v1ded 1nto three groups corresponding to symmetrlc mass . lelslon,
the: most probable mass d1v1s10n and the most asymmetrlc mass lelsmon.v Wlthln
the 8% statlstlcal accuracy of the measurement the results were 1dent1cal

MILTON and FRASER“l combined gamma ray detectlon w1th 31multaneoﬁs
measurement of the ve1001t1es of both fragments 1n the spontaneous f1$$1on of

252. The energy of the gamma. rays was measured over the energy interval 300
kev-1.4 Mev. This spectrum changed slightly but significantly as a function of
the mass ratio of the fragmehts but not significantly as a function of total
kinetic energy of the fragments. The yield of gamma rays showed a pronounced
dip in the region where one of the fragments is near the doubly magic nucleus
Snl32.

The magnitude of the total fragment excitation energy taken away by
gamme emission is a puzzle. It is usually assumed that neutron emission will
occur much more rapidly than gamma, emission as long as the fission fragments
retain suff1c1ent energy to emit a neutron. The various neutron "boil-off"
models such as those of LEACHMAN and KAZEKglz or of TERRELL)+ 3
that about 45 Mev of excitation would‘be left after all possible neutrons had
been emitted. This estimate is roughly half the observed total gamma ray energy.

The experimental results seem to lead to the conclusion that gamma-ray

would predict

emission competes more successfully with neutron emission than present theory
would predict; although this hypothesis is hard to reconcile with the spectral
shape which shows that less than 2 percent of the photons have energies greater
than 2 Mev. TERRELLLL13 states that it seems quite possible that the extremely
high electromagnetic fields present during the acceleration of fission fragments
to final velocity might induce gammairay emission in times of the order of lO"'21
second. High nuclear dlstortlons might also favor gamma emission, as suggested
by MILTONulu

The multiplicity of the gamma rays also poses a .theoretical problem.

1. J. C. D. Milton and J. S. Fraser, Phys. Rev. 111, 877 (1958); also
published as Paper P/l99 Page 216, Vol. 15, Proceedings of the Second
International Conference on the Peaceful Uses of Atomic Energy, Geneva,

1958.
412. R. B. Leachman and C. S. Kazek, Phys. Rev. 105, 1511 (1957).
413. J. Terrell, Phys. Rev. 113, 527 (1959).
‘414. J. C. D. Milton, unpublished suggestion, 1956.
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- PREVIOUS REVIEW ARTICLES ON' LOW ENERGY FISSION
T, Halpern, “'Nuclear Fission'", Annual Review df'NuCIéar Scierce 9, 245 (1959)
Proceedlngs ‘of a Sympos1um on the Physics of Flss1on, held at Chalk River,

.Ontario, May 14-18, .1956,. Report CRP-6L2A, available from Scientific Document
Distribution Center, Atomic Energy of Canada Ltd., Chalk'River,'Qntario,‘1956,

"Physics of Fission", a 1956 symposium published in Atomnaya Energ. Supplément
1. English translatlon avallable from Pergamon Press, New York 1958 or from
Consultants Bureau. ,

W. J . Whitehouse, Progress,in Nuclear Physics 2,.120 (1952).
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