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

Earl K. Hyde

January 1960

This is & preliminary versicn of a review of nuclear fission.

Part two which is entitled "A Fission .Phenomena at Moderate and

‘High Energy" will be issued separately. These are self-

.contained repofts which will later be incorporated in a larger

work covering many other aspects of the nuclear physics of the
heaviest elements. This larger work is being prepared under

the authorship of E. K. Hyde, I. Perlman and G. T. Seaborg.

.This material is being given limited circulation at,thié.time '

in the hope that itAwill provide a useful review in its present

form. - . The author would be grateful for comments, for notifica-
tion of errors or for new data or information pertinent to the

.subject.
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PART ONE - FISSION PHENOMENA AT LOW ENERGY*
11.1 HISTORICAL ACCOUNT OF THE DISCOVERY -OF FISSION

After the neutron was discovered by CHADWICKl in 1932 and artificial
radibactivity by I. CURIE and F. JOLIOT2 in 193&, FERMI showed the effective-
ness of paraffin-slowed neutrons in_the preparation of artificial radioelements.
He and his co-workers3_at Rome . exploited this technique very thoroughly by the
systematic bombardment of all the .easily-available chemical elements with the
neutrons emitted by‘abradium-beryllium source. -Quite naturally this study led
to the search for transuranium.eléments by'the bombardment. of uranium with slow
neutrons.. FERMI and his.collaborators3’4 produced a 13 minute activity by
bombardment of uranium énd succeeded in separating it from elements 82 to 92
inclusive. .This~led_them’to the logical _conjectﬁre that this activity must-

be element 93, in view of the fact that it seemed to have the chemical proper-

ties .at that time expected for this element (namely, properties like those of

‘fhenium). . The formation of element 93 would be expected from the captufe of a

neutron.by uranium followed by beta decay. .Continued work by thevFERMI group

.and by other investigators; however, resulted in the discovery of numerous

.additional activities--far too many to explain without postulafing,a very .

unusual pattern of iscomerism. Furthermore, the radiochemical properties of
many of the newi"transuranium" elements differed from those to be expected of
such elements. In addition to the apparent transuranium elements, four radio-
activities were found which Vere reported to be B-.activé isotopes .of radium
because they precipitatedeith barium compounds traditionally used as carriers

for radium.

*Publishéd literature to mid—l959.and selecfedﬂliterature‘to the end of 1959 .

was surveyed in the preparation of thx; review.

‘1. J. Chadwick, Proc. Roy. Soc. Al36, 692 (1932)
2. I.,Curie an@ F. Joliot;: Comptes Rendus 198 25#‘f1934)

3. Eﬂ~Amald1, O D'Agostlno ‘E. Fermi, B Pontecorvo 'F3 Rasetti and
E. Segre, Froc. Roy. Soc. Alk9, 522 (1935); ALL6, 483 (1934).
4. E. Fermi, Nature 133, 898'(193h).
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The investigation'of those confusing products of the irradiation of
uranium with neutrons occupied the period from 1935-1939. The extent .of the
experimental work done on the "transuranium elements" during this period and

the confusing difficulties in the way of their classification can be seen by

consulting a review5 published about one year before. thecdisgovery of fission.

The honor of proving that the new activities were not heavy element
isotopes; but isotopes of medium-weight elements produced by an entirely un-
expected nuclear phenomenon fell to the German radiochemists HAHN and
»STRASSMANN6 7 These two chemists as well as I. CURIE and P. SAVITCH8, who
were working 51multaneously in France, were 1nvest1gat1ng the radiochemical

properties of the new radium 1sotopes and flndlng surprising dlfflculty in

separating them from inasctive barium which had been added as a. carrier element.

22h)

The problem was solved by HAHN and STRASSMANN .when they added ThX(Ra or

228) to the mlxture and carried out a partial separatlon of barlum and

MsTh. (Ra
radlum by fractlonal crystalllzatlon of chlorlde bromlde and chromate salts.

The unldentlfled act1v1t1es 1solated from neutron-bombarded uranium targets

‘were observed to concentrate in the barium and to be separated from the ThX or

Ms'I'hI fractlon ThlS proved that the unknown act1v1t1es must be isotopes of
barium and not of radlum since other elements had been ellmlnated in the
prellmlnary separatlon. In order to clinch the identification, radlochemical
.experiments were performed on the daughter activities of the'strange‘"radinm"
isotopes. Previously the daughter activities.had,been‘believed to be isotopes
of actinium ‘ HAHN and STRASSMANN separaged the daughter products with
22
)

lanthanum carrier, then added MsThz(Ac as an indicsator for actlnlum. When

a partial separation of lanthanum and actinium was carried out by fractional
crystallization of lanthanum,oxalate, it was observed that the identified
daughter activities- did not concentrate in the actinium fraction. The experi—
ments described in HAHN and STRASSMANN's .'second" paper7 ‘

careful umambiguous ever carried out in radiochemistry. The.authors felt that

rank among the most

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

Hahn_and'F, Strassmann, Naturwiss. 27, 11 (1939).

Hahn and F. Strassﬁann, Naturwiss. 27, 89 (1939).

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

QO N O W
H O O
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their proof had to be complete because the.conciusion was so unexpected.and S0
much.at,variance.with previous experience in nuclear reactions. Thus, they :
had succeeded in proving that uranium, when bombarded with neutrons, undergoes
an unusual nuclear rearrangement resulting in the formation of radioelements
with about half the atomic number of uranium. B

This was a sensational finding which was immediately given the correct
1nterpretat10n by MEITNER and- FRISCH9 as the division of an excited uranium
nucleus into two fragments of medlum weight. . The partner to barium in such a
nuolearld1v131on}would.be krypton and radioactive isotopes of krypton were
immediately found,by,HAHN_.and.STRASSMANN.7 HAHN;andVSTRASSMANN'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 express1on nuclear fission. (kernspaltung,
la fission nucleaire) for this new phenomenon.  From a consideration of the mass
deficiencies of the elements in the periodic table these authors also imme-
diately_recoghized that an exceptionally largeaamount,of eﬁergy should be
released in the reaction‘ -A rough calculation indicated that about 200 Mev
of .energy should be released per f15$1on, an amount 25 to 50 times greater
than that released in alpha particle em1551on. FRISCH:L first demonstrated
this large energy release by recording the large pulses'of ionization produced
in a gas chamber by the recoil of the fissioﬁ fragments. Almost simultaneously
J'OLIOTll also showed the large kinetic energy of the fragments by range
measurements. »

Quantitative measurements of this ionization gave the first evidence
of the asymmetric nature of fission. .JENTSCHKE and PRAl\IKL:Lz demonstrated the

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

9. _Lf.Meitnef and 0. R. Frisch, Nature 143, 239, 471 (1939).
10. 0. R. Frisch, Nature 143, 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 .and 100 Mev respectively. -Detailed .radiochemical investigations confirmed
this by showing that the main yield of the fission products comes in two groups
- centering around mass numbers 95 and 138.

Uranium hés a néutron-toaproton ratio of 1.55 whereas the stable _
isotopes of the elements in the fission product region have a neutron-to-proton
ratio of.l.ZS‘r 1.45. Hence, the fission products -are neutron-rich and
unstable towards PB- emission. The initial excitation of the fragments is
sufficiently greatrthat‘neutron emiSSionfcan'compete with y-emission as a de-
excitation process. HAHN_and...STRASSMAI\TN7 noted the possibility that neutrons
would be set free and such neutrons were soon observed by VON HALBAN, JOLIOT
.and—KOWARSKIl3AinsParis, by ANDERSON, FERMI and I*IAI\ISTEII\IJJ‘L in New.York., and by

others.

in their emission and that the half-life periods for the-emission of‘delayed
neutrons ranged up to one minute. Since neutron emission is not slowed by
potential barrier effects, these delayed neutrons were attributed to beta
emitters which decay with an appreciable half-life to highly excited lévels
in daughter products which instantaneously emit neutrons.

.The»early measureﬁents of the number of neutrons emitted at .the instant
of fission indicated that this number was certainly greater than one and pro-
bably in the range of 2 to 3. .This fact made‘it possible to conceive of a chain
,feaction in which massive.amountsrof'energy might be released.‘ For this to be’
possible,. it is necessary thatzmore than one of the neutrons so released be
absorbed by other uranium‘afoms to cause fission. This is a difficult/pfoblem

since neutron losses can occur by complete escape from the reacting system or

238

by (n,y) reactions with U or in the moderating material. It is interesting

to note that«FLUGGEl6 in 1939 had already published an extensive review -of the

13. H. von H;aiban, Jr., F. Joliot and L. Kowa-rski, Nature 143, 470 (1939);
Nature 143, 680 (1939). '

14, H. L. Anderson, E. Fermi and H B. Hanstein, Phys.,Rev. 55, 797 (1939).

15.  R. Roberts, R. Meyef and P. Wang, Phys. Rev. 55, 510 (1939);

16. 8. Flugge, Naturwiss. .27, 402 (1939). |

It wag also soon found15 that a small fraction of these neutrons were delayed

»
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possibilities and problems of the release of large amounts of energy by the
fission of uranium. FLUGGE calculated that one cubic meter of . U308 might
develop lO12 kilowatt -hours in less than 0.0l seconds.

It was natural that experimentalists should try to initiate the fission
reaction by other means than neutron irradiation of uranium. It was ‘soon found
that fission couid be initiated by bombardment with high energy photons,
protons, deuterons, helium ions, etc. Thorium,was not observed to fission
with thermal neutrons, but if high energy neutrons or charged particles were
used, fission did occur. It was even conceived that uranium might fission
spontaneously without ex01tat10n from any external agent and this phenomenon
:was first demonstrated by PETRZHAK and FLEROV. 17 _ _

The slow-neutron fissionability of uranium was first attributed to the

18

rare dsotope of mass number 235 by BOHR, and withdn.a year this was verified

experimentally by studies ©f uranium isotopes separated in a-mass,spectrometer.l9’ao
BOHR and.WHEELER21 developed a theory of the fission prdcess in 1939

based on a conception of the nucleus-as a liQpid drop; FRANKEL22 independently

proposed a similar theory. . Their application of this theory did not explain

the most striking feature of fission, namely, the asymmetry of the mass .split,

but it accounted satisfactorily for a number of features of the reaction. This

theory is briefly reviewed in the next section. Many theoretical developments

since 1939 have been based in somévway 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 theoret1c1an

. A. Petrzhak and G. N, Flerov, Compt. rend. Acad. Sci. USSR 25, 500 (19%0).

17. K
18. N. Bohr, Phys. Rev.'55, 418 (1939).

19. -A. O. Nier et al., Phys. Rev. 57, 546, 748 (19L0)..

20. K. K. Kingdon et al., Phys. Rev. 57, 749 (1940).

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

22. J. Franke1, Phys. Rev. 55, 987 (1939); J. Phys. USSR 1, 125 (1939).
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A rather complete historical account of the first year of work om
uranium fission 1s given by TURNER. 23 ‘This review is highly interesting read-

ing and provides insight into the development of physics at the time of a

fundamentally new discovery. HAHNZh'has4written an informative popular account

of his early experiments in the book "New Atoms".
In the remainder of this chapter, a brief review of fission theory is
..followed by & detailed review of the phenomena accompanying 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).

24. . 0. Hahn, "New-Atoms, Progress and .Some Memories", Elsevier Publishing

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

11.2.1 The_liguideroE model of fission.* If ‘we had a complete know--
ledge of nucleons and of internucleonic forces we could write down an exact

nuclear Hami ltonian for the energy of the nucleus in the following form

A P° A |
H=%Y = +1/2°% V., : | (11.1)
1 2n ' _ '

i ’4 J ij + E.M.

where P is the momentum of the ith particle, V i is the exact pdtential of
the - 1nteract10n of the ith and Jth partlcle, and E 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”Hamiltbnian;could,in principle

provide us with a complete explanation of all nuclear phenomena including

fission, alpha emission, neutron and proton emission, gamma emission, -etec.

.We do not know the form of Vij in sufficient detail and if we did-we would

have very substantial difficulty in applying it in the case of a complex heavy

nucleus. Hence it is necessary 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 we consider an incompressible
uniformly-charged drop to be in some important 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 analogy. 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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ﬁranium, 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:aﬁdvWHEELERZ; gave an extensive .
treatment of the theory of such a fission process in a paper which remained
the cornerstone of fission theory for decades. FRANKEL28 published a descrip-
tlon of a llqpld drop model of fission at about the same time.

If we are interested in the emission of single particles or in the
motion and energy states of single partlcles within the nucleus, W€ use the

1ndependent partlcle model whose Hamlltonlan is of the form

Hoperr =% EE‘+‘§ Vi) (11.2)

where V is the_intéraction of the particle i with a central potenfial defined
by all the other-nﬁcleons. .Or we can comblne the shell model. w1th the llquld.
drop model to form the unified model which can tell us somethlng about single
partlcle properties as well as about fission, Q-emission and other collective
pfeperties. EBecause.of the>approximations in the liquid drop_éndbshell models
the uﬁified model .also is only an approximafion to ‘the exact Hamiltonian_ofA
Eq. (11.1) and the unified model is more difficult to work with than either

of the two other models.

Honifiea = %p * shell * B teraction (11:3)

eThe,felationships,of these various models is shown in Fig. 11.1.

These introductory remarks are meant as a reminder that the liquid
drop model cannot be expected_to provide us with .anything like a complete
description of fission phenomensa. .We now turn to a brief outline of liquid
drop calculations of the 1939 period.and recent developments dating lergely

from the late nineteen fifties.

Bohr, Nature 137, 344, 351 (1936).

25. N.
26. N. Bohr and F. Kalckar, Dan. Mat. Fys. Medd. 1L, No. 10 (1937).
27. L. Meitner and.O. R. Frisch, Nature 143, 239 (1939)

.28. J. Frankel, Phys. Rev. 55, 987 (1939); J. Phys. 'USSR 1, 125 (1939)
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One common reasbn for the choice of a model to replace an exact
physical Hamiltonian is the relative ease with which solutions can be extracted
from a model. However,_we»shall,see.that,the liquid drop model is not an easy
one -to follow thfough,with,any mathematical rigor. Hence the exploitation of
the modelvﬁas often been .done by apprdximate,treatmen£530f selected nuclear
‘shapes and of motions believed to be the pertinenﬁ ones out of all those
possible. | _ | . |

. The rationale of the liquid drop model is somewhat as follows. - The
forces operating between the neutrons and protons in the nucleus.aré the 
short-range, charge-independent, nucleon-nucleon forces and the Coulomb
repulsive forces of the protons. The shape assumed by the nuCleus.represehts
a balance between the nuclear forces, idealized as a surface:tension,vand.the
Coulombic repulsive forces. The strength of the'surféce tension can be .
estimated from the surface correction term in the empiricalbméss.eqpations
while the strength of the Coulomb forces can be calculated from the.proton
charge, the proton ﬁumber, the assumed uniform volume distribution of protons
within the nucleus and the dimensions of the nucleus. When ex&itatibn
energy is_added to the nuéleus oscillations are set up within.the erp.;:This
increasés the surface area of the drop and the_resultant_incréqse:ip_surface
energy tends. to return the drop to its original shape. On the other hand the
electrostatic forces 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 into two or more fragments.

For most nuclei under moderate -excitation the surface tension is far
stronger than the Coulombic . force so0 that any modestﬁdeviétion_from the’most
stable shape is soon overcome .and the excitation energy is liberated by the
emission of gamma rays or of single nucleons. Only the Very heaviést;elements
have .such a large protonic charge that relativeLy,slightrdeformatioﬁs.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 ah elementary‘calculation
for a spherical nucleus given a small symmetrical distortion of the Pé (cos 9)

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

R(e) =R [ 1+a, P (cose)] - . . . (11.4)
, ot =T T2 : ;
%ﬁgiih?ﬁgiSJSf% gg‘gfg ‘ggynomial and-Oé is a coefficient. It is easily shown
.,W surface energy = E (1 + 2/5 a + higher powers of a, ) (11.5)
electrostatic energy = E_ = E (l -1/5 a + higher powers of a, ) (11.6)

-where E -and E refer to the undistorted sphere.

Hence the deformatlon.energy, N =7V - Vsphere = (ES - E:) + (Ec - Eg), becomes

N =1/5 ag‘(ZE:;- Ez) + higher powers of Q. - C(11.7)

For'émall distortions we can neglect the higher powers of aé and simply write

=1/5 0 (8D - ED). : (11.8)

‘We can éﬁate fhén that a spherical charged.drop is stable toward small distor-
tions of the P, (cos ©) type if ZEZ >-E2 and unstable if ZE: < Eg. If we
consider a liquid drop on. which the charge is gradually being raised, then at
a certain pritical valﬁe of the charge corfesponding to Ez = ZEE thevdrop will
become unstable and will divide spontaneously.

For' the case of an idealized nhcleuS‘we.can.express this differently in
terms of a fissionability parameter x introduced by BOHR and-WHEELER21 and

defined as follows:

'

E .

c electrostatic energy for charged sphere P :

= — =1/2 v , 11,911
x 2Eo /2 surface energy of sphere (43 {3 9)

]

.From electrostatlcs, 3/5 . From an analysis of nuclear data (11.10)

one can set i/ e : . :
- R, = 1.216 A 3 (11.10)

5 :
constants evaluated by'A. E. S. Green, Phys. Rev. 95, 1006 (l95h).
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.80 that

o _0.7032° - - (11.11)

I

. 0 .
,FromvgeometrxiEs = area of sphere x surface tension @

hﬂ‘Ri Q | | " | - (11.11a)

;Substituting for R in Eq.. (ll lla) and evaluating @ from the semi- emplrlcal
.mass equatlon - we get

ng = 17.80'A2/3 ' (11.12)

Substituting these values for EO and Eo’back into Eq. (11.9) we find

1 2 74 ' :
_ 0.7103 Z%/a /3 g2/ | (11.13)
2 x 17.80 4%/3  50.13
" Thus the ratioﬂEz/ZE: is proportional to thefcombinatiéanZ/A‘

2 U |
(Z-/A)critica1'= 50.13. : (ll.lu)

A few VA /A and x values are given for representative nuclei in Table 11.1.
Equation (11.1khk) suggests that all nuclei of Z > ~120 Wlll be charac-

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

THE.PRINCIPAL.PARTS-OF A COMPLETE THEORY

.These simple cbnsiderations on the stability of a spherical drop
against small distortions of the a2 (cos. G) type must be replaced by much

more complex calculations when larger distortions are.consldered,partlcularly

when x is. substantially less than 1.0.

The Hamiltonian of the liquid.drop model takes the form
- v(a) + () L . (11.a5)

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

= .
constants evaluated by A. .E. S. Green, Phys. Rev. 95, 1006 (195k).
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" Table 11.1
P Z /A
Nucleus ZB/A X = 50.13:
209 32.96 0.6575
m®32 34,91 0.6969
ut® 36.02 0.7185
238 | 35.56 0.7099
o 39.37 0785k
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of deformation Vériables a and.T is the kinetic energy as a function

.of the time derivatives @ of the deformafion_variables.
To carry throughwany kind of a dynamical calculationﬁnf the motion of.a.
liquid drob with this basic Hamiltonian,_iﬁ is necessary to develop an
.adequate knowledge of the following matters.

(1) Mapping of the potential energy. It is necessary to prepare many-

dimensional maps of the potential_énergy‘considered_as a function of the
deformation coordinates. These potential energy maps ére 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 kinetiéfgnergy E(d); Similarly, it is necessary to

have an adequate knowledge of T .as a function of the time derivatives & = g%
for types of motion likely to be of interest. This stage involves the calcula-
tion of inertia coefficients. B '

~ (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 principle to
carry out a complete dynamical calculation starting from a given set of initial
conditions. A collection of nuclei will, in general, exist in a wide variety
of initialvconditiqns so that a complete dynamical description 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 ratés, the kinetic energy and excitation énergy
distribution of the fragments, étc. enormous numbers of nuclei are involved

.and the powerful methods of statistical mechanics are reQuired.‘AWe shall refer
below to the -application of thev"transition_stated method in its classical and
guantized version to the estimation of the rate of fission. We snall_also refer

to a statistical theory of FONG.
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We nbw 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 distortions which are not too different from a sphere or spheroid
it is convenient to express the drop shape by the following radius equétion.

R
R (6) = 1+% aP (cos Q) (11.16)

n=1

>lo

Whére RO is the radius of the undistorted spherical drop
Pn:is the Legendre Polynomial of order n, and
A is a scale factor required by the condition of

) ~ constant volume. _
An examination of the Légendre Polynomials shows that even values of n give
shapes which'are,axially éymmetric and symmetric toward reflection through'the
central plane perpendicular to the axis. »Odd(values of n give axial symmetry
but do not give reflection symmetry. |
A The task then is .to map V.(a) or AV in the many—dimensional space -of
the.an. In the_considération of various features of this mapping, it is con-
venient to qonsider schematic topographic maps in two dimensions of the 05.
For example V or AV may be shown as contour lines -on an az versus ah plot.
For small or moderate distortions of the symmetric type, the a2_ah mapping isv
the most important, although mapping covering o% and-a8 coordinates may contri-
‘bute significantly. For a complete description we need a series of maps
covering all'thg-an,dimensions 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 cohsider'firstbsome‘very general features of this mapping as
given in Fig;_ll.2~yhich is meant to represent roughly the potential energy.
mapping for a nucleus oflrafher high fissionability parameter x. The curved
lines are -contour iines.giving the potential énergy assbeciated with various

deformations specified by the andrah,coefficients. These coefficients

2
relate to the P, (cos -8) and Pﬁ (cos ©) terms of Eq. (11.16). Division into
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Fig. 11.2. A schematic map of séveral 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 mme, "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 distortionms.
One or twoewaistedAfigureS'(presumably associated with 2 or
3 fragment valleys) can be represented qualitatively in the
Gy Q) plane but a three-waisted figure (associated with the
k-fragment valley) needs at least an Qg coordinate in addi-
tioﬁ\go describe it. The radius vector for the nucleus is

given\at any point in:the.diagram by .. :
"R =-RO/X [1 + Zay Py (cos )]

where A is a normalizing constant.
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L fragments cannot be properly represented so;ely with a2 and ah contributions
80 .an a6lqoordinate 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 4 are deep hollows
.representlng the potentlal energy of the system when the nucleus has divided
into 2, 3, or k4. fragments. Point A shows the location of the saddle p01nt
.This is the low point or pass in the potgntlal energy ridge which separates

the sphericai'drop from the two-fragment valley. The potential energy‘df point
~A is the minimum amount of énergy or threshold energy required to cause a
charged drop to divide. Point B is another pass’ or saddle point shoWing_the_
least energy required 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. v | '

, Figure 11.3 is a scale drawing of cross sections of the drop shapes
correkponding to various amounts of aZPz.(cos.G) and-ahPh.(cos.G).in the
radius Eq. (11.16). This drawing is meant to serve .as.a guide to the shapes .at
the Varioué points in subsequent figures Mhich show potential energy contours
on an Q -C!LL coordinate system. ' »

In Fig. 11.2 saddle point A is drawn at a lower elevation than saddle
point B but other relatlonshlps can be imagined as shown in Fig. 1l1.4 where the
three possibilities of A = B, A > B and A < B are sketched. ' v

From the experimental fact that nuclear fission is almost exclusively
binary in character it seems likely that the saddle pointrleading to 2-ffagments
lies lowest but this is a point which must.bé verified by quantitative calcula-
tions. | V ' | _

For purpbses of orientation it also is important to know the total
energ§ release for division in wvarious possible wéys. It is a simple matter
to calculate the energy release for division of an idealized charged drop into
2, 3, 4 or more equal and.completely—separated fragments. SWIATECKI 29 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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11;3. Cross sections of drop shapes corresponding to

various locations on an Qz-th 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) .
=~ (1 + P, (cos 0) + o,P) (cos ©)]

"Where A is a factor which normalizes the volume to a

constant . value.

-
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Fig. 11.4.  Three maps showing schematically the relations i -
between the two- and three- fragment valleys for
different values of .X. In (a) the threshold B is
higher than A, E(B) ><E(A) and low-energy fission -
mustiproceed by way of the two-fragment valley. - In
(v) 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
“betwéen the saddle point A and the fragment valleys
than is indicated here. See discussion of Fig. 11.9°

" below. - S
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N =E

e}
n S

4 N 5 :
{(nl/3- 1) + 2x ( ;27l§ - 1)} (11.17)
where.E: is, as .above, the surface energy of the original drop,
ANn is the total energy release, and
x is the fissionability parameter of Eq. (11.9).
Some calculations based on_thisiequation,are'shown in Fig. 11.5. There are a
number of interesting things'to;note about this figure. - At k-values in. the
range 0.65 to O 80 — which includesvall the heavy nuclei from bismuth to
fermium —“there is no reason to limit consideration to division into two frag-
ments since more energy is. released in the formation of three, four and possibly
five fragments.. There 1s,even-less Justification for this limitation in the
study of heavier nuclei which may be 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 releases more energy than a division into two. . For such nuclei
_a:division into four  fragments 1s the most favored energetically. -For this
,reason_aleo, it may be incorrect to extrapolate trends in fission characteristics
derived from.an examination of experimental data-in_one,regien of x into a
higher range of x-values. Vice versa it may be incorrect to use theoretical
calculations-based on the limit x => 1 to interpret phenomena dbserved at
= 0.7-0.8. Therefore any adequate mapping of the potential and_kinetie
energy should give enough information about division in many possible ways to
permit a proper Jjudgment of the reletive importance of the alternate modes of
fission. It is also worth noting that while the shape of 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 fissionabie 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 Flg 11. 7 o
Let us now list the chief mathematical techniques which have been used
for quantltatlve.calculatlons of the potential energy as a function of the .

deformation coordinates.

(1) Expansion about 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



2L

. L X
Ol 02 03 04 04 06 O7 08 09 10
N1 T [ T T T T 1
Q o o ’
Y o N
. & 0] n ]
: 1 n <
| P
N\ Tei fm N
e - N
8 (72} 2 : e 3 E'E q 4
Ll \ i
N O e ek LS W W it
;S | .
' = 1 - 4-70
< ! |
N i 10 <
. @
- - -210 2
= 1350 &
-05 e o
S L
| | ] (I | L -560
O 5 10 15 20 256 30 35 40 45 50
- ZYA

‘Fig. 11.5. The energy released in the division of an
idealized charged liquid drop into n equal parts as
From

MU-15143

a function of the fissionability parameter X.
SWIATECKI, reference 28.

UCRL-9036



UCRL-9036

-25-

upon distortion of the sphere to a new shape can be computed as a power series
in the coefficients, O of thé Legendré Polynomials. This method was used by
“BOHR and-WHEELER21 in 1939 with thelimitation that for.computatiénal simplicity
the -deformation coordinates were restriqted_to_the P2 and Pu‘types and co-
efficients were evaluated only to the fourth order :‘Lna2 and the second order
in.au. A further restriction was that the fiss;;:ability‘parameter was limited
to values not far below 1.0. PRESENT and KNIFPP .extended this treatment
somevhat and.,add'ed.oz3P3 and a§35 odd terms. REINES, PRESENT and xnypp3°
extended the calculations sufficiently to cover saddle point shapes for 1.0 2

X 2 0.8. SWIATECKI'S .Geneva paper28 should be consulted for a complete develop-
ment and tabulation of coefficients with sufficient completeness .tc give the
conventional threshold energy to sixth .order in the quantity.(l—X).

(2) Machine calculations. In principle, calculations made on modern

high speed computers are the most powerful but .only limited calculations have
been published. . FRANKEL and.MEE_TROPOLIS31 introduced this method in the year
1947 in some published calcuaations which used the'method of expansion about
the spherical shape. ‘A povwer séries 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 is not restricted to Legendre expansions and
more sppropriate coordinate sets could be used particularly for nuclear shapes
.which differ greatly from a sphere or spheroid.

(3) Expansion around a 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 of‘coulombic energy of a deformed
drop as a power series in the deviations from the spheroidal shape. This is a
sensible approach to use because it is not difficult to make exact calculations
of electrostatic énd surface energy for spheroidal shapes. A spheroid can be

represented by a series

29a. .R. D. Present and J. K. Knipp, Phys. Rev. 57, 751, 1188 (1940).
30. R. D. Present, F. Reines and J. K. Knipp, Phys. Rev. 70, 557 (1946).
31. S. Frankel and N. Metropolis, Phys. Rev. 72, 914 (1947).
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w v
R (8) = Ro [1.+ T a.P ] . (11.18)
: N nn :
. 2 .

where.the n values must be'eVen.‘-R (6) 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,coﬁstancy
of volume. The values of the coefficients,will vary with the eccentricity.

.Some values of the aﬁ for definite choices‘of‘major and minor axes are the

following: 4
c/a = l.hj l+O.2318vP2 + 0.0418 l?'u-+ 0.0072 P6_+
c/a = 1.81 1+0.3749 P, + 0,.110&?LL + 0.03784P6 + ... (11.19)
¢/a = 2.40  140.5315 P, + 0.2233 P, + 0.0925 By + ...

Here c and a are thé-lengths of the major and minor axes. If we ignore the
vsmaller contributions of the'P6 and hlgher terms. and plot the a2 and ah co~-
efficients o‘n_anq2 Q) ¢hart we can determine a line of spheroids. (See F;g.
11.6) . o

‘We now want to consider some deformed_shapé which is nearly but not
quite a spheroid. On an ¢ ah map such a deformed,shape would fall in the
Ghaded;yhched area of Fig. ll.6. It is for such a drop shape that it is
appropriate to express the deviation in surface and Coulombic energy as a
powef series in the deﬁiation from a spheroidal shape. 'The-appropriate
coordinate system for these expan51ons will be a spher01dal coordinate system.
Formulas have been developed for such expansions among others by NOSSOFF, 32 by
~BUSINARO andvGALLONE,33;and by SWIATECKI; 9'these references should be con-
sulted 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
_reduéed to zero.

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

of surface and céﬁlombic energy terms for highly deformed shapes may be tedious

32. 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;

33. U. L. Businaro and S. Gallone, Nuovo Cimento 1,.629, 1277 (1955).
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and approximate when performed by.thé methods listed above.. Fof”cértaih_types
of ‘axially symmetric shapés, the'Legéndre-Polynomial,expansion may be in-
applicablé. This is true; for example,_for'ény shape in Which some radius
vectors cut the surface more thaﬁ_bnce. .For highly regular shapéS:thefchoice '
of a suitable coordinate syétem may result in“én easy. analytical solution.

For other shapes it may prove useful to obtain rough answers by approximating
the shape with a combination of simpie geometrical shapes for which the surface
and Coulombic repulsion energies can be quickly computed. : Examples of this

.approach”ére given by SWIATECKI,29:3h

‘Let us now consider some of the results cbtained from these four com-
putational.methods.‘ InAthé.range of x values from 0.8 to 1.0 the potential

énérgy is known quite well in the & OL)1L deformation_cdordinates out to-the

2
point of unstéble.eqpilibrium 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 givén‘

by the follbwing sixth-order expression.29
a0 = 0.7259(1-x)3-0.3302(1-5)" + 1.9208(1-x)7-0.2125(1-x)% ... (11.20)
o = 0. x)”-0.33C )+ 3.9208(1-x) -0 X cey .
s/5.P. original Bohr-Wheeler additional terms
T expression o - - .
9 calculations and with the

This equation agrees with the FRANKEL and-METROPOLIS
.calculations based on a spheroid29’32’33.to within one percent for x-values above
0.7h. | |

' .The saddle point‘enefgy is often considered to .be the.threshold?energy
for fission and by substituting into.Eq. (11.20) x=values and surface tension
values evaluated for real nucieiwseveral authors have calculated fission thresh-

o0ld energies for comparison with experimental data. The agreement is poor. -An

34h. W. J. Swiatecki, unpublished results, 1959.

-~
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idea of the extent -of the disagreement can be obtained from Table 11.2 from
which it is apparent that the observed thresholds of real nuclei are lower and
‘have a much weaker variation With X than do the calculated values. It is true-
that the calculated values are cla831cal thresholds and hence subject to some
correction for quantum-mechanical barrier—penetration but this correction can-
not be enough to affect the results substantially. '

The configuration of the conventional saddle point is given quite well

dovn to x = 0. 7h Dby the express1on

1+a, Py +a P +a P6 - : - (11.21)
where o, = 2.3333 (1-x) - 1.2262 (1—x)2 + 9.500 (1-x)3 - 8.0509'(1rx)h + ...
o = 1.9765 (1-x)2 - 1.6950 (1-x)3 + 17.7419 (1-x)LL + s
Qg = -0.9500 (i-x)3 + .. '

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

At the oppOSite extreme of x =0 (i.e. of an ‘unchanged drop) the saddle_
_p01nt configuration consists of 2 equal spherical fragments in contact. Or, to
be more general, as x —>O there are several discrete families of eqnilibriumv
configuration corresponding to strings of 2, 3, b .... n equal spherical
‘fragments in contact o |

The fate of the Bohr-Wheeler family of cylinder -like shapes has never
been traced down to small values of x, but it has usually been assumed that
below X =»Qf75fthe.cylinder with rounded ends develops an equatorial waist, and
gradually goes‘over into the n2 family.i.e. into the configuration cf 2 spheri-
cal fragments connected by a neck. _

‘This smooth transition can be represented by the diagrams of Fig. 11.8
which show:qualitatively how the potential energy of the conventional Bohr-
'Wheeler family was expected to join with the potential energy of the family of
2 spherical: fragments joined by a small neck.v Also shown is the supposed tran-
sition in the shape of the .saddle point; the magnitude of the major axis of the
saddle point shape is used as a measure of its deformation.

In 1959,.W. J..SWIATECKIS"

examined all previous quantitative calculations in an attempt 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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Fig. 11.7. Saddle poiﬁt shapes-of conventional Bohr-
: Wheeler saddle for X =1.0, 0.9, 0.8 and 0.7
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Flg 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 approachlng
tangent spheres as. x => 0. x is defined as Z /A -
(z2 /A)eriticals IB Part A the magnitude of the ma jor
axis is taken as a measure of the saddle point shape.
The dotted portion of parts (A) and (C) is an inter-
polation.
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.  Table 11.2 |
Comparison of Observed Thresholds with Liguid Drop Celewlations
Nuclide ZZZ/A_: X ‘fﬁgiis. '?ﬁZi)
R232 34914 0.6969 15.08 5.95
233 3L. 764 ~0.6939 15.58 6.4
pa?3? 35.69% 0.7125 12.68 6.18
y?33 36.326  0.7251 10.96 5.9
u?3° | 36.017 0.7189 - 11.79 o 5.75
y237 o ,35.7i3 0.7129 12.63 - 6;uo
238 ,355;563} 0.7099 ~13.06 }' : 5,80‘
ue39 35.414  0.7069 135 .; 6.15
'Np237v .436.u9u" 0.7285 16.53 E 5.49
Np238 | 36.340 0.725%  10.92 6.0k

P23 | 36.971 0.7380 9.39 . 5.48

These data are taken from.excitation functions for photofission
~_énd neutron induced fission with the threshold estimated (rather
subjectively) as .the energy at which barrier penetrétion_fission

gives .way to over=the-barrier fission.
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Table 11.3

Potential energy. of
traditional Bohr-
Wheeler saddle point

Shape paraméters of Bohr-
Wheeler saddle point

Tt et s g N ' .

mmyr @y e W
1.0 0 0 0 0
0.95 ‘,0;00008927 0.11L74  0.00484O3 -0.0001188
0.90 0.0007119 0.22976 0.0198k44 -0.0009500
0.85 0.002426 0.35039  0.0L7732 -0.003206
0.80 0.005880 0.48073  0.093887 ~0.007600
0.75 0.01188 0.62368 0.16635  -0.0148k

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 — O and
x =1 of the fissionability parameter-x These studies suggested that the con-
ventional family of saddle p01nt shapes behaved 1n a very different way from .

3k

what was the accepted plcture SWIATECKI found evidence to support the

- hypothesis that, when the charge on . the drop exceeds a certain critical value,
the.d1s1ntegratlon of a liquid drop may become a two-stage process which may
be written as \ ' '

sphere E§99£9>'intermediate saddle> two fragments
' stage with
cylinder-like
drop shape
~This. situation is to be contrasted with the older view that fission is a .one-

stage process for all ~values of X.

sphere saddle> two fragments.

"According to fhe-tentative newer picture‘the potential energy map illustrated
schematically in Fig. 11.2 or in Fig; 11.4 is wvalid only below a certain criti-
cal value of the fissionability pafameter X. -Above the critical value these
figures must be replaced by diagrams such as that shown .in Fig. 11.9. bPart‘

(a) shows the map for x < x This map is similar to the conventional

_ ‘ eritical’
diagram such as that shown earlier as Fig, 11.2. Part (b) and (c) show the
ig . X = ' > '. )
diagram for X = X .iii001 384 X 2 X bical | |
In all three cases the origin, which corresponds to a spherical nucleus,
is ‘a”local minimum indicating that the spherevis stable toward small deforma-
tions, (for any value of x < 1.0). For the casec of x > X _ ... thereréxists
: v S _ critical -
-4, the conventional Bohr-Wheeler saddle point or pass, indicatitg a point .of
unstable equilibrium toward further deformation. The important new feature is
the appearance :of a hollow between thé Bohr-Wheeler saddle point and a second
saddle point I which leads to the two-fragment valley. = The bottom of this
hollow corresponds to an elongated'drop, a cylinder-like shape with rounded
ends, which is stable toward" all small changes in shape, or at least . to all
axially symmetrlc changes in shape.’

As x gets larger and larger with respect to x the shape corres-

. critl cal
pondlng to the stable hollow becomes more and more elongated, i.e. moves further
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out to the rlght on the R ah map, and the depth of the hollow increases. The
potential energy changes - areé 1llustrated by the sketches in Fig. 11.10 which
show plots of tHe potentlal energy taken along the dotted lines in Fig. 11.9.
For x greater than X’ (but less than 1.0) the first maximum in Fig.
crltlcal

11.10 corresponds to & member on ‘the tradltlonal Bohr-Wheeler family (a saddle
point 1n,F1g. 11.9). The minimum corresponds to a new group of equilibrium

s : i . in Fig. 9). . < -

hapes .(a potential energy hollow in Fig. 11 9) For x Xoritical no Bohr
Wheeler shape exists.. This disappearance -comes about when the maximum (saddle)
and minimum (hollow) come together and annihilate in a point of inflection at
X = ' in Fig. 11.10. The last maximum in Fig. 11.10 which corresponds

= Xeritical
toithe,saddle shape.at the head of the 2 fragment valley may be unrelated to

.the Bohr-Wheeler shapes. 4

Accordlng to SWIATECKI' S3h hypothesis the dlagrams given in Fig. 11.8
summarizing the conventional view on the gradual transition of the Bohr-Wheeler
family of equilibrium saddle shapes into the two-fragment family'as x decreases
from. l to :Zero must be incorrect. According to the newer plcture the. equlll—
brium shapes (Bohr-Wheeler family) which tend toward the sphere for x —>l does
not undergo a smooth transition 1nto the family of equilibrium shapes which
tends toward two spheres in contact for x -0. In fact it 1s‘p0551b1e that
these two famllles of : eqplllbrlum shapes- are unrelated. We. mqu consider an
new set of draW1ngsuto replace those of Fig. ll.8. We show a poss1ble new set
as Flg 11. ll ‘

In the top part of the flgureAwe gee that the Bohr-Wheeler family, which
starts as a sphere at x = 1 does not tend to two spheres in contact as x is
decreased bnt instead this family>goes-"round a bend" which means that for x
less than a certaln crltlcal value of x the Bohr-Wheeler famlly ceases to exist
whereas for x >?Xcrltléal two members of the family exist s1multaneously The
first member of the famlly is the. conventlonal Bohr-Wheeler family correspond-
ing to a saddle point shape of unstable equilibrium; the second member of the
famlly is a shape of stable equlllbrlum correspondlng to the bottom of the

hollow in Flg. 11.9. SWIATECKI refers to it: as the second branch of the Bohr-

Wheeler family. . This second Bohr-Wheeler shape is more elongated than the first.

The point where the two branches of the family meet (at x = x____ . ) is calle d
o » critical

the "point of bifurcation" of the family. Various estimates of potential energy
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Fig. 11.9. Possible schematic views of the potential energy
map in the Q5 - Q) deformation plane as visualized by
SWIATECKI.3h These views .correspond to case (d) in
Fig. 11.11(A). @2 and ay refer to the coefficients of
-Legendre polynomlals in the radius expression,'g = :

RO 1+ apPp (cos @) + ayPy (cos @)]. Three cases

: 'correspondlng to dlfferent values of the fissionabilit
_ parameter, x = 22/A / [Z2/Alopitical are shown. In (A¥
X < Xcritical, in (B). X = Xcritical and {n (C) x >
- Xeritical® The 1mportant new feature above Xpritical .is
* the occurrence of a hollow containing elongated cylinder-
like shapes which are stable toward all small changes in
deformation of the Pz or P), type. A second saddle point
‘must be passed to get to the two-fragment valley. This
saddle point i1s shown here lying higher than the flrst,

at o hd3ohar vmlaa AP v 24+ mId et T2 A T oAvrrman
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Fig 11.10. - Potential energy of a charged drop as a function
of deformation measured along the dotted paths in Fig.
11. 9A, B and C. These curves assume case (d) in Fig.

11. ll(A) to be correct. Under this assumption there is

a critical value of x above which a double hump occurs

in the potential energy curve as shownihere in (C) If
similar potential energy curves were drawn correspond-
ing to cases (b) and (c) in Fig. 11.11(A) the chief
difference would be the elimination of the shallow dip
for x > Xerjt, The potential energy curves would still
have the ‘general feature of a. thick barrier with a rather

flat tap.
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Fig. 11. ll Changes in-shape and in potential energy of

“equilibrium shapes of a- charged liquid drop as a

- function of the parameter x. Curve (a) is identical with
(A) of Fig. 11. 8 and shows the conventional interpolation
‘between the Bohr-Wheeler saddle shapes at x —> 1 and the
2 fragment family at x —> 0. Curves (b), (c) and (dﬁ

are possible interpolations suggested by SWIATECKI.3
Several lines of evidence suggest that (b), (c) and (4)
are more nearly correct than is (a). All three have

the common feature that the charged drop suddenly
becomes soft toward deformation into greatly elongated
shapes over a narrow range of x-values. Curve (d) is

an extreme possibility according to which there is a
Bturning back™ of the Bohr-Wheeler family; in this case
there may iexist no smooth transition to the two- -
fragment family. -In the bottom half of the figure

‘(part B) the potential energy of the equlllbrlum shapes is

ashoun far cacea 3N
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for deformed shapes establish quite clearly that a rapid change does occur in the
4shapes.of the Bohr-Wheeler family at a critical range of x-vélues,.but more
deﬁailed calculations are required before the exact fate of the:.Bohr-Wheeler
family.below this critical range of x can be settled. Varibus bossibilities
are shown as curves (b), (c) and (d) in Fig. 11.11A. Case (d) is the extreme
case of a :"turning back" with its implication of double-barrier fission. Cases
(b) and (c) show a smooth trapsition'of Bohr-Wheeler shapes into equilibrium
shapes of the two-fragment family but with a very rapid transition in a nérrow
range of x. Many of the physical implications are the same as for case (d).
The barrier to fission is not double but it is very broad which should
drastically affect barrier penetrability. T '

The value of the critical value of x is naturally of great-interest; From
his examination of the quantitative data SWIATECKI3A concluded that Xopritical -
for an idealized liquid drop is about 0.73. 8Since this falls within the range
of x-values of known'héavy nuclei (see Table 11.1) the possibility exists that -
more than one type of fission may be of significance in feal nuclei.b

In the case of hypothetical‘"tufning back" of the Bohr-Wheeler family a
.crucial question concerning the eqpilibrium.family’of very elongated_éhapes is
whether these shapes are stable toward types of deformation other than those
which were considéred.in'the-calculations which led to the possible existence

of this second branéh.
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The types of quantitative ‘and semi¥quantitative estimefeSLWhich led
”SWIATECKI3A to postulate the ”turning back" of the Bohr-Wheeler family and the
occurrenceiof stable'sheﬁés of considerable elongation were not extensive enough
to settle the queStion whether these elongated " . . '

"stable" shapes are really stable toward various simple types of surface
rippling resultlng in the waist formatlon and ultimately to division into
several fragments. ' ‘

~ The newer view of the potential energy mapping has many 1nterest1ng
1mpllcat10ns partlcularly if the new second branch of the Bohr-Wheeler family
| proves to be stable for all types of surface rippling. The conventional view
of fission thresholds must be re-examined since there is no reason to expect
thas they should necessarily be identified with the energy of the first Bohr-
theeler saddle point. Estimates of sPontaneous fission half lives based on
estimates of quantum-mechanical tunneling of a potenﬁiai energy barrier are
fundamentally incorrect if, in fact, two:barriersrathef than one are signifi-
.cant. Furthermore, the questlon of the ultlmate llmlts of the periodic system '

of elements must be reopened. In the conventlonal v1ew as ‘% /A approaches a

eritical value of ~50 corresponding to x = 1 the’ nuclens loses all stability
toward fission. In the later view even when x is greater‘than 1, there may.
“exist long cylindrical shapes which are stable (at least for sllght exc1tat10n)
against fission. The half llves for such nuclel mlght stlll be quite short
because of the thinness or lowness of the barrier toward various types of decay,
_but at the present time- there is no estimate of the important guantities.
Returning now to the question of p0551ble instabilities toward
asymmetric types of deformatlon, ‘'we can cite a few publlcatlons in whlch some

(cos ©) and a.P. (cos ©) type

attention is paid to deformations of the & 3 3 5F5
Most -of these have been concerned w1th p0331ble 1nstab111t1es in the reglon of
the conventlonal Bohr-Wheeler saddle point conflguratlon From the few explora-
tions Wthh have been made of poss1ble 1nstab111t1es toward asymmetrlc shapes,
it has been found that spherlcal shapes or nearly- spherlcal -shapes are stable
toward.any}dlstortlonslof the odd Pndtype. This stiffness toward asymmetry
reduces rapidly as we move away from tlie sphere in the & 4uh plane. However,
the .conventional Bohr—Wheeler saddle point shape, when x is 0.8 or higher,

appears to be stable to asymmetric distortions. The calculations of
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BUSINARO and GALLONE33 indicate that a strong instability toward asymmetric
shapes may set in beyond the Bohr-Wheeler saddle point for x values of interest

35

in the heavy element region. HILL and-WHEELER™” have suggested .on dynamical
considerations that asymmetrical components of nuclear motion might become ,
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 division of mass could also
come about in the case of a symmetric saddle p01nt shape with 1nstability 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, leav1ng>.
the remainder of the dropias 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. ' - l ‘

_ It must be stated that there is no clear indication from the. shapes and
energies of saddle point configurations or from the topography of the potential
.energy maps .of any fundamental explanation of the uneven mass. split in nuclear

fission. It is not correct, however, to state that the liquid drop model

‘predicts symmetric f1551on.

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 the drop. We shall find that
our knowledge of the kinetic energy map is cons1derably less than that of the
potential energy. _ o

' If we restrict ourselves first to the case of small vibrations about a
spheriéal.shape,_we,can detelop satisfactory expressions for the kinetic energy.
As before, we consider an arhitrary shape (except for a restriction to axial
symmetry) which is changing with time according to the expression,

| | R

F (o o]
"R=— |14+2a (t) P (cos®)] - (11.22)
.. 2 2 n ° ‘n v

35. -D. L. Hill and J. A. Wheeler, Phys. Rev. 89, 1102 (1953).
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The instantaneous rates of change of the,qn_are given by It an. The
deformation of the surface pushes around the'fluid’Offwhich,the drop is com-
posed and this motion gives rise to a kinetic enérgy. For small values -of the

@ this kinetic energy is given by

(oo I .
e 1, 2
™&) = =2 B (o) (11.23)
: 2 n n
2
where p 42 go .1 2 o | (11.24)
- ‘ “n 5770 n | zntl : : , , .
p .= mass density
,ér,'équivalently‘where ‘ _
> v _
B = 5n (2ol AM R ; , (11.25)
.= mass number
M = nucleon mass and
‘ RO = nuclear radius of,the‘spherical nucleus.

' In the same deformation region, restricted to small distortions from a

.spherical shape, the pofential energy .can be approximated by.the'expreSSion

& (@) =V (a) -V (,sphe,re):% 5 ¢ .t © (11.26)
. ' o n=2 n n » :
where o
n= 1" o™ 5 \B-LjnFe) =g R, 2o+l | 2n+l -27

' ‘We can proceed directly to a solution:. of the'eqpations of motion for
this special case which-is simply a smail general vibration of the drop about
the spherical shape. " v '

The Hamiltonian (ﬁbtal energy ) is

1 L2 1

0
, o1 1 2 :
H=7% 2 _Cn @+ I3 Bn.(an). (11.28)
2 .7 2 -
5 (; ¢ o 4 éBaZ)
2 2 n
n==2
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‘This represents the superposition ofvindependent oscillators ‘each with
a stiffness Cn and an .inertia Bn' These oscillators may be treated separately

-leading to harmonic osciliator amplitude expressions for each mode of motion
.ah(t) = (Constant)n cos (wnt_+ 5n) ‘ - (11.29)

Where an is a phase‘factor,and wh, thelangular-freqpency, is given by the

well-known formula

~ = [C
stiffness _ 4 m :
@ -\f “inertia  T\/B (11.30)

vFigure 11.12 shows the calculated excitation energy for the first three modes
of vibration as a function of mass number. ‘

A con51deratlon of these vibrational 0501llatlons does not tell us
directly anything about the division ofva.charged.drop,‘but does help to
evaluate the appropriateness.of_the liguid drop model. For example, one can
calculate the period of oscillation and compare it to a typical period for
single particié'motion In the llquld drop model the motions of the 1nd1v1dual
partlcles are disregarded but in a real.nucleus .this comparison is of funda—-
mental importance when the internal degrees of freedom are.dincluded. A rough
calculation shows that the az vibration ian238 might'be expected to have a
period of 32 x 10_22 seconds whereas a representative nucleon might take
~5 xle-zz_seéonds.to cfoss 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

fragmentsﬁ For two fragments this is simply
1 2 1 2 . ;
=z MV, S M cor?ectlon. R (11.31)

' The first two terms give simply the kinetic energy of the.center—bf-mass
motion of the:fragments. The correction term refers to any vibrational
excitation which the fragments may have. If this is small, we can again use
the formula

B (& )2 _ | (11.32)

: T (&) = n ‘' n

o]
M8

but with the Bn'sréppropriaté to the fragments instead of the original .drop.
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‘Fig. 11.12. The quantum energles hmh for the nuclear shape
oscillations of multipole orders n = 2, 3, and L4 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 expeeted to depend also on

- nucleonic assignments but the effects of individual

~ particle orbitals are disregarded in the above calcula-
_tion... 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 simply not known.
And'without this kinetic energy mapping it is not possible to solve the equations
of motion and carry through a complete dynamical calculation of a dividing drop.

.Some dyhamical calculations have been carried through in a few special
cases by D. L. HILL and his associates36 at Los Alamos. One interesting calcu-
lation reported by HILL was the complete case history of .a U235 nucleus
(idealized as a.liquid drop) caused to fission by giving the initial spherical
nucleus a "blow" of 50 Mev concentrated in the P2 mode of motion. This initial
condition set the original values for the shape and velocity of the surface.

The motion was then followed step by step on an_electronic computor. Twenty
"pictures" were taken of the nucleus in the course of the division. The results
are displayed in Fig. 11.13.

This figure is not to be construed as .a picture of a real nucleus under-

goiﬁg fission since thé‘initial excitation is artificidlly restricted to the P2

mode and asymmetric modes of oscillation are not included in the calculation.

STATISTICAL MECHANICS OF FISSION

We have seen that the equations of motion have been followed through a
completé»fission,event in only one or two special_cases where rather arbitrary
limiting.assunmmions had to be made to reduce the calculation to tractabilify.
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 mechanics 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 figsion for a collection of nuclei.  In payment fof this

simplicity we will forego any chance to know the details of the sequence of
'events leading to the -saddle point and beyond.

First, let us discuss a classical statistical mechanism of fission and
then consider the modificétions‘which guantization introduces. The statistical

mechanical analysis of fission is closely analogous to the statistical mechanical

36. D. L. Hill,."The Dynamics of Nuclear Fission," Paper P/660 in Vol. 15,
Proceedings of the Second Geneva Conference on the Peaceful Uses of
Atomic Energy, Geneva, 1958; and unpublishéd results.
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Fig. 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'éksoubeen'shown_separately.
From D. L. Hill, reference 36. .. '
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analysis of the division of .a molecule. In particular many of the idkas

applied in the "transition state"‘analysis37'of the chemical reaction system

H'+<H2 —aHZ +,H»' o . ‘
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 surféce in
.az —.dh coordinate System,has the appearance of Fig. 11.1k.. (We could show
additional coordinates but it would not change the following descriptive
remarks). .We assume that there is a single saddle point -(or at any rate one
saddle point which dominates the fissiOn,prOCess). We imagine a very lapge
number of particles all initially in the hollow,surrOunding"a2 = 0, qh-= 0 and
-ask what the average lifetime of this sytem, or, equivalently, what is the
average rate of diffusion of representative points out of the hollow and over
the saddle point. First we give the system a certain total amount of energy B
and assume thermodynamic eqpilibriﬁm between all the pdssible degreés of
freedom which we designate‘by N.
| The equation'% = kT defines a temperature which does not refer to
thermal motion of the nucleoﬁs but to motioﬁs df the surface.

From the Boltzmann distribution law we know that the probebility of

finding 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 (11-34)

From this expression we learn_that most of the representative points are concen-
trated near the bottom of the hollow where the potential energy is -lowest and
that this density thins out»exponentially toward the higher energy regions of

"

the saddle point. The fall-off in density is rapid if the "temperature " is

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

37. Glasstone, Laidler and Eyring; "The Theory of Rate Processes",
McGraw-Hill Book Co., Inc., New York, 19kl.
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Fig. 11.1L. Potential energy map in @p,q) spacé for a charged
incompressible liquid drop. The map is assumed to be
known in neighborhood of @, = @), = O and in the saddle
point region but in no other region. In the transition
states analysis & slab of phase space near the saddle point
moving in the fission direction n plays a central role.
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| energy'distribution,for those few pdints which do lie in the saddle point
region also foliows a law of exponential fall-off with low kinetic ‘energy the
most probable. » v

V We then have a éimple way té estimate the density and kinetic energy
distributions of particles in the saddle point region. In the transition state
‘method, indicated_schematically‘inﬂFig. ll.lh, 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 directionhq is Qﬁ.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. SWIATECK138 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_thé crater by the earth's gravitational.field. Suppose that the space out-
side the crater is a high vacuum. -Suppose further the crater has a small lipr
‘at the top. Our problem then.is to calculate the rate at which the gas atoms
leak out through the lip. This rate will depend on the Boltzmann law, the
temperature of the gas, the height and breadth of the lip.

.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
-E, /kT
‘Rate of fission =‘:Ae :

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

h
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 internal degrees of
fréedom

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

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

38. .W. J. Swiatecki, private communication.



UCRL-9036
-50-

bevapproximated in the case of kT small by an expression of the type

SHEE) - e

where the Cn's are elastic constants of the type >

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 the dimensions of the lip through which the "gas" is leak-
ing. With_the exception of,C2 the elastic constants 2?e paired off - one for
the ground state and one for the saddle point. The M is an effective mass for

motion in the «, mode.

2 ook o
" If we were making an order of magnitude estimate we would guess that .the
ratios of the elastic constants"Cn/Cé, would be about one so that the frequency

factor A would simplify even further to

CZ'

A~ O

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

stifThiess in a direction roughly toward the,éaddle;point (11.36)
across S.P | :

In this approximétion, A is a frequency of magnitudewlo—zl seconds.
This leads to a crude rate formula
- B, /kT
Rate ~lOzl sec. e th
which provides a rough estimate :of the rate of division of a{charged.li@uid

drop when the excitation energy is limited by
< E << .
‘Eth E <“NEth
From present knowledgé of the potential energy mapping in the ground
state and saddle point .region it should be possible to evaluate the elastic
constants Cn,as well as the threshold energy and thus derive a somewhat better
estimate of the frequency factor than the lO-Zl.secohd estimate given above but
there are no 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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Mover-the-barrier" division of a-liQUid arop by classical statistical mechanics.

It is clear that a .correct statistical mechanical calculation would have
to be quantized and that the influenqe‘of internai_degrees of freedomc (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 WHEELER39

outlined a general épproach to a
-quantum, statistical-mechanical calculation of the rate of fission.

Con51der the sketch in Fig. 11.15 which shows the potential barrler to
fission along a fission. dimension in deformation space. (For heavy nuclei with -
x close to 'l this fission dimension will be chiefly Qé)' ‘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 o(E)dE and we consider every level to be filled.
But we wish to apply the "transition state" technique which focuses attention.
on -those ﬁuclei(which,have a deformation close to the saddle point shépe. BOHR
andUWHEELER39Athen suggest that we -divide the total excitation energy E into'two

'parts. The first .consists of the potentialband kinetic energy,,Ef + K, associated
with the transition state, i.e. with motion in the "fission dimension". The
Second'consiéts of ‘the energy € arising from the excitation of all degrees of

freedom other than that leading to fission. It is clear that
c=E-E, -K BERNCERET)

We define a,level density b*(E -v'Ef - K) which gives the density of levels of
the transition state excited in all thé non-fission degrees of fission to the
energy interval € to € + de. The level dénsity 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 WHEELER39 derive the following expression for the
fission rate - o : -

Fission rate = dE [ p*(E - Ep - K)V %3

. K

39. N. Bohr and J. A. Wheeler, Phys. Rev. Qé, h26 (1939).
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Fig. 11.15. Transition statesstatistical analysis of the
rate of fission according to the- quallfatlve develop-
ment of BOHR and WHEELER,39
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1where the terms dE, p*,-E,AEK‘and K are defined above. V is the out-
“ward velocity in the fissSion direction, dp is the momentum interval,

and dK = vdp.

_ In order to apply this equation we must have some way of getting the
level density p* for excited transition state nuclel. There is no serious pub-
lished literature which carries this statistical treatment beyond the qualitative
development of BOHR and WHEELER. A more complete treatment would include the
competition for de-excitation of the'nuclgus‘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 also 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 decrease markedly.
In the classicai,Lcase the fission rate bécomes‘zero when the excitation energy
is less than the fission barrier but in quantumimechanics there is a finite chauace
of barrier penetration. This leaking is responsible for the occurrence of spon-
taneous fiséion. Figure 11.16 shows a schematic representatibn of penetration
of the fission barrier for a single nucleus in a specific initial gquantum state.
The situation is qualitatively very similar to the sponﬁaheous emission of an
alpha particle from a heavy element and, asin.the alpha case, we can distinguish
fhree-regionsﬂwithin 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 fof 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 region corresponds to small vibrations of the
nucleus around a spherical shape which is stable toward these small distortions.
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 supplementary wave functions to describe possible rotations of the
drop.
' In the ground statelﬁhere will remain éome residual zero point energy of
vibration. In Fig; 11.16 ‘the wave function shown is for a nucleus excited above

the ground state to some oscillator quantum state located below the barrier.
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Fig. 11.16. Schematic drawing indlcatlng quantum mechanlcal
penetration of a fission barrier by a nucleus excited
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.

In the barrier region the wave function of the surface motion is an
exponential function decreasing outward. For low-lying states of nuclel the =
wave -function in the barrier region will be very small. . Beyond the barrier the
potential energy is governed by the Coulomb repulsion of two charged fragments.
At great distances the potential .energy curve has a ﬁi— dependence where RAB ‘
is the distance of separation of the fragment centers. The wave function in
this region rapidly reduces to a pure Coulombic wave function.

The mathematical techniques for sélving this barrier penetration
problem would be patterned,closely'after those used in the alpha decay problem.
Order-of-magnitude estimates using a rough barrier penetration equation show
that the enormously long spéntaneous fission half lives of such elements as
uranium and thorium are quite understandable. In a quantitative sense, however,
these rough estimates of spontaneous fission half-lives are still very crude.
FOLAND and PRESENT39a have carried through a barrier penetration calculation
for spontaneous fission using a hydrodynamic model .assuming irrotational flow.
They made'a'comparison of their equations with experimental data on the isotopes.
of fermium.WHEELEﬁib 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 dis-
cussed above have very important implications for a ‘guantum mechanical calcula-
tion of spontaneous fission rates. ‘Above a critical value of x the fission

process may become:

sPhere'E§££E9£> elongated shape EEEEEEE> 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 eétimating the height and

the thickness of both of these barriers.

39a. W. D. Foland and.R. D. Presemt, Phys. Rev. 113, 613 (1959).
39b. 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—fiftieé FONGAO developed-a_statistical mechanical
treatment of nucieér fission_wﬁich differs in one important respect.frdm the
.one we have discussed abdve. iFONGhO focuées attentionLon the'nucleus Jjust at
theiéritical moment of scission into two.fragments:réther than at the moment of
croséing'the.saddle point. -He afgues-that the fission procesé 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 established at any instant of the process from
saddle point to separation. If this is true the'cfucial_statistical quantities
may be the relative densities of quantum states of the nuclear configurations
-correspoﬁding to different fission modes just at the moment when statistical
equilibrium is last established, presumably the moment just before separation.

‘ For convenience.of calculation FONG_approximates the.configuration'ét
this critical moment by two deformed fragments in contact and for further conpu-

tationall simplicity assumes deformation of the P, (cos 0) type ,onl; where P

is a Legendrq'Polynomial. This pafticular'choicg was made because it reproguces
most closely our intuitive feeling.of the dominant shape of the just-formed
figsion fragments. The density of quantum states obviously-depends upon the
excitation energies of the two fragments at thevcriticalvmoment; heﬁce it is
important to estimate the excitation energy caréfully. Lafger excitation
,enérgy éorresponds to a large density 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
.WO(E) = Coxp 2 Vak

where a and ¢ are empirical parameters evaluated from other data and E is the
excitation energy. .Since this level density expression is a rapidly increasing
function of the excitation energy, a small changé in the latter may result in
a large change of the relativé probability. In the statistical theory of FONG

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

0. P. Fong, Phys. Rev. 102, 43k (1956).
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asymmetric fission is believed 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 equation for the masses
of the.primary ffagments inlvarious modes of fission. This'mass,equatidn,‘uné'
like the older equation of BOHR and.WHEELER39 made allowance 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 suggestlon which has been made

11-13

also by other authors.
l The total energy release has to be divided between internal excitation

energy and deformation energy of -the fragments, the energy of Coulombic repul-
sion, ahd the energy of translation. The internal excitation energy which 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 sﬁitable integrations '
over these varlables and was..able to calculate a number of features of the Tission
reaction such as the mass distribution curve, the charge distribution curve,

the klnetlc energy distribution, etc. 1In partlcular, the calculatlons were

235

very well. However,

239

able to reproduce the mass distribution curve for U
 PERRING andiSTOREYhh‘were not able to obtain a fit to the Pu fission yield
data using FONG'S theory although FONGuS,was later able to secure a better fit
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 simplified 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

J1. M. G. Mayer, Phys. Rev. T4, 235 (1948).

42. L. Meitner, Nature 165, 561 (1950).

43, D. Curie, Compt. rend. 235, 1286 (1952); 237, 1401 (1953).
4h. J. K. Perring and J. S. Storey, Phys. Rev. 98, 1525 (1955).
45. ©P. Fong, Phys. Rev. (Letter to Editor on Pu 239 fission).
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crucial to the theory is not based directly on experimental information and
may not be.correcﬁ.for fission fragments close to the magic numberé..~Also, it
is not certain that the level density formula is correctly chosen for deforméd
fragments. NEWTONué)AY has developed a level spacing formula which reproduced
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 statistical model of fission the agreement with .
experimental mass yleld curves and other characteristics is no longer good.
1Furthermore, STEINJand..WHETSTONELL8 in a étudy of . the prompt neutrons emitted
from the 3pbntaneously fissioning nucleus szsz.did-not find a variation in
'the number of neutrons emitted as a function of the mass ratio éf the fragments
which the ﬁhedry predicts. _

A more.carefﬁl consideration will‘have to be givén to the potential and
kinetic energy mapping of a deformed liquid drop and of the dynamics of division.
before it will be possible to judge whether the fundamenfal.assumptions of '

FONG'S treatment are valid.

EFFECT OF ANGULAR MOMENTUM

In the treatment of the.liqpid drop model as reviewed here nothing'has
beenlsaidAconcerning.the influénce of angular momehtum. ‘This neglect is Jjusti-
fied in the case of spontaneous fissionior of fission.induced by capture of
slow neﬁtrons. However, when,fission'is'induced by particles of high energy'
the angular momentum may be quite high and may_play_an impqrtant role.  This
is particularly true in the bombardment of heavy element targets with heaﬁy-ions

when the angular momentum of the compound system may range from 50 to 130 units

Oor more.

46. 'T. D. Newton, Shell Effects on the Spacing of’Nuclear '
Levels, Can. J. Phys. 34, 804 (1956). o

47. See T. D. Newton, Paper D1, Proceedings of the Symposium on the Physics
of Fission, held at Chalk River, Ontario, May 14-18, 1956 report CRP-642-A.
Atomic Energy of Canada Limited, Chalk River, Ontario, Canada.

'48. - W. E. Stein and S. L. Whetstone, Jr., Phys. Rev. 110, 476 (1958).
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PIK-PICH!—\K.M9 considered the influence of angular momentum on fission-
barrier height and cross-section. He assumed the validity of the liquid drop.
model and further assumed that moment of inertia of the rotating'drop'was
equivalent to that of a rigid body. '

The .change in total .energy of the drop as the spherical drop is
deformed contains a surface energy and a coulombic energy term as before but,
in addifion,‘there is a term for the shift in rotational energy as the shape
of the drbp is changed. .

AETotal- - AEs +'AEq'+ AERot

For a given value of angular momentum the potential energy mapping as a function
of the deformation coordinates can be calculated and the saddie points corres-
ponding to points of unstable equilibrium again computed. ]E’IK-PICHAKLL9 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_pushingj.toward~
nuclear fission. .

For each value of the fissionability parameter, x = (ZZ/A)[(ZZ/A)Crit,

- there is a critical value of theiratio,'ERot , which establishes a limit above

which the spherical chafged drop is no longer a cenfiguratien of stability. In

the conventional picture of the liquid drop model all such nucleil ﬁould fission

insfantly ' _ v | |
Some detailed calculatlons of the influence of angular momentum on

saddle point energies and other characteristics of fission are being computed

by HISKES.”° |

11.2.2 The Unifded Model and Fission Theorz According to the.unified

model of A. BOHR,51 some flss1on phenomena are expected to be correlated w1th

49. G. A. Pik-Pichak, Soviet Physics JETP 1, 238 (1958).
50. J. Hiskes, nnpublished results, Lawrence Radiation Laboratory, Berkeley,
California, 1959-1960.

51. A. Bohr, PapervNo P/9ll "Proceedings of the International Conference on
the Peaceful Uses of Atomic Energy", Vol. , United Natlons, 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-
.vertedvinto 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 to the nucleus and the spins aﬁd parities of these levels will
probably have a marked effect on the mode of fission. It is thought that the
spectrum of low- lylng levels at the saddle p01nt will resemble that |
N ' v of the levels of the nucleus near its
ground state configuration. In Chapter 9 it is shown that the low-lying states
of even-even compound nuclei'consist of a series of rotational levels_(0+, 2+,
Wt 6+, etc.) 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 1- basg'state which itself represents a
deformation of the nucleus into an asymmetric shape.

If the low-=lying levels of an even-even nucleus deformed to the saddle
point configuration are similar to the low-lying levels for the undeformed
nucleus then the 1- negative parity state may play an important role in the
fission of nuclei,which are excited to some energy close to the fission thresh-
old. These ideas are given s¢hematically in Fig. 11.17. Asymmetry in fission -
can possibly be related to the occurrence of these negative parity,étates.

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 in Section 12.1.6.0of the next chapter.

_ ‘At high excitation energy when the potential energy requirements of
the deformation 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 symmetiric 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- lylng states of the
unexcited compound nucleus.
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11.3 ~ THE PROBABILITY OF FISSION

11.3. l Empirlcal Relationships for. Fission Activation Energx The
5

theory of BOHR AND WHEELER”  predicts a Variation of fission-barrler or critical
deformation energy for fission which has a strong dependence on 2 /A. For this

reason the quantity Z /A has come to be regarded as an important fissionabillty

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 predlcts. '

Some years ago SEABORG53 made an attempt to calculate the slow neutron
fission threshold, or barrier, Eb, from an empirical equation for spontaneous
fission half lives determined from the characteristics of a line like that shown
in FPigure 11.30 below. He noted that the general trend in the rate of spontaneous
fission of even-even nuclei could be reproduced by the expression '

T - 1072 x 10178 - 3752/ © (11.38
- x -38)
It is known that spontaneous fission 1s a quantum-mechanical barrier penetra-
tion process and that the half 1life must be a sensitive function of the flssion |
‘barrier height. In particular, FRANKEL AND METROPOLISSM derived the relation-

ship v . ‘
T = lO-21 x 107"85 E, seconds (11.39)

where the fission barrier, Eb’ is in Mev. SEABORG53 assumed the essential cor-

rectness of the form of equation 11.39 and used both equations. to obtain

E_ = (19.0A- 0.36 2%/A) | (1;.&0)_

Thls equation is appllcable only to compound nuclel of the even-even type over

-a limited range of Z /A because the equation 11.38 upon which it is based applies

52. N (Bohr and J. A, Wheeler, Phys. Rev. 56 426 (1939)
53. G. T. Seaborg," Phys. Rev. 88, 1429 (1952)
54. Frankel and Metropolis, Phys Rev. 72 9]h (1947)
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only to this nuclear type. In section 11.3.6 below it is shown that the rate
of spontaneous fission of even-odd and odd-even nuclides is less by an average
factor of about 103, and the rate of spontaneous fission of odd-odd nuclides is
less by a factor nf-about 105;’ Therefore, fission barriers might be effectively
higher by about O.4 and 0.7 Mev, respectively, on the basis that each factor
of ten increase in half life corresponds to an increase of about 0,13 Mev in

barrier height. Thus the empirical relationship becomes

(l9O+O36Z/A+e)MeV

I

o

where € = O for even-even,

€ = O.4 for even-odd and,

"€ = 0.7 for odd-odd nuclides. - ' (11.41)
. Since a measurable amount of 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 about 10—14
seconds -- the required energy of activation, E o is less than. the barrier
.helght Eb which represents a hypothetical fission time of some 10~ 2l seconds.
Thus if we use the relationship that each factor of ten in rate corresponds
to some 0.13 Mév of energy, it follows that Ea is, in general; some 0.9 Mev
less than Eb

When the energy difference By (neutron binding energy) minus E (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 enefgy difference (Bﬁ minus,Ea) have a fission cross sec-
tion greater than about one barn, and the nuclides with a negative (Bﬁ minus
Ealyénergy diffévencechave .fission.crdoss Sectiahsbelow this,;arbitrary line of
demarcation Sfrnensfissilecand’ fisgide’ cnuctidéss. When the value of Ea exceeds
the neutron blnding energy, Bx, leading to a negative value for (Bn minus E )
in Table I, th1§7sng£ig be equal to the neutron energy threshold for flSSlon.
From the table, the following nuiclides should have the indicated thresholds for
neutron-induced fission: Tho3% (0.9 Mev), pat3l (0.4 Mev), U23AV(O°3 Mev),
U236 (O¢3 Mev), U238 (0.9 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 de-

pend somewhat on the sensitivity of the measuring technique. The following
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Table 11.4 Correlation of slow neutron f1$51onab111ty with actlvatlon %
enervy for flss10n and corresponding neutron binding energy’

" Np

~Pu

B e R R S e At
Nuclide (Mev (Mev) (Mev) (Mev) ability’
e’ 7.1 6.2 k.5 -1.7 -
Ra2% 7.2 6.3 kT 1.6 -
pc??T 7.2 6.3 5.0 -1.3 -
7Rl 6.2 5.3 7.1 1.8 +
Th228_ 6.7 5.8 5.3 -0.5 -
pn 2% 6.3 5.k 6.8 1.4 +
&P 6.8 5.9 5.0 ~0.9 -
n®3% 6.9 6.0 k.9 1.1 -
7233 . 6.5 5.6 6.1 0.5 +
Thz3)+ 7.0 6.1 4.6 -1.5 -
pg, 239 6.5 - 5.6 6.7 1.1 4+
P2 6.8 5.9 5.7 -0.2 -
Pa®3% 6.6 5.7 6.5 0.8 4
pg 233 7.0 6.1 5,2 - -0.9 -
230 6.2 5.3 5.9 0.6 +
3t 5.9 5.0 7.3 2.3 ¥
y232 6.3 5.4 5.8 0.4 +
y?33 6.0 5.1 6.8 1.7 "
U23LL ‘ 6.4 5.5 5.2 -0.3 -
ye3> 6.1 5.2 6.5 1.3 +
U236 6.5 5.6 5.3 -0.3 -
23 6.6 5.7 4.8 0.9 -
ye3 . 6.3 5.4 5.9 0.5 +
234 6.1 5.2 6.9 1.7 +
Np236 6.2 5.3 6.7 1.4 +
Np237 6.6 5.7 5.5 -0.2 -
Np238' 6.4 5.5 6.1 056 +
Np239 6.7 5.8 5.1 -0.7 -
236 6.0 5.1 6.0 0.9 +
Eu238 ' 6.1 5.2 5.6 o.hi +
pu’3? 5.7 4.8 6.4 1.6 +
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Table 11.4 (cont'd.)

E * :E *% f B'*** B -E ‘ Sloy'n?utfon"“
b ‘ a : n- - n a. fission-_ .. ..

Nuclide (Mev) (Mev) (Mev (Mev) ability

PuzuO‘ . 6.2 5.3.° 5.4 0.1 +

put 5.9 5.0 6.3 ©1.3 +

pu2te 6.3 5.k 5.0 0.k -

Amzul 6.3 5.4 5.6 0.2 +

A2t 6.0 5.1 6.2 1.1+

242 :

Am 6.0 5.1 6.2 1.1 +

Am?H3 6.4 5.5 5.2 0.3 -

om?e 5.8 4.9 5.6 0.7 ?

em?H3 5.4 k.5 6.7 - 2.2 +

om @ 5.9 5.0 5.7 . 0.7 ?

245 '

Cm 5.5 ke 6. 1.8 +

szug 5.2 4.3 6.6 2.3 +

»EZSM 5.6

L7 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 equatién 11.41.

** Activation energy for fission taken to be 0.9 Mev less than Eb'

*¥¥% Neutron binding energy for nuclide with mass number A + 1.

that the. . o
*¥%% The + denotespcross section for fission is greater than about 1 barn;

that the .
The - denotegAcross section for fission is less than about 1 barn.
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approximate thresholds have been- experimentally determined Th232 (1.1 Mev),
Pa_z3l (0.4 Mev), U 234 (043 Mev), U 236 (0.6 Mev) U238 (0.9 Mev), and Np’ 231
(0.3 Mev). It can be seen that the agreement between the predicted 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 fhe neutron binding energy. NORTHRUP, '
STOKES AND BOYER55 have developed 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 \i.
the energy spectrum of protons in coincidence with fission events induced by |
deuterons of known enérgyu More details are giVen in section 11.3.4 below. '

1232, puf3? ana u?33

The. results indicate that detectable fission occurs in
at neutron energies with "'negative" energies of 1.5, 2.0 and B.0 respectively3%
in rough agreement with the values listed in Table 11.L4,

11.3.2 Cross Section for Fission with Thermal Neutrons. The three huc-
lides U235, U233 and'Pu239 stand oﬁt in importance from all other heavy element
nuclidés because of their fissionicharacteristics and availability. Their
importance in muclear reactor and nuclear Weapons stems from the facts that_
they are readily induced to fission by slow neutrons, that they are sufficiently
long-lived and can be produced and isolated in large quantities. In this bébk
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". HUGHES AND SCHWARTZ56 reviewed all data reported to May 1958 and
derived the‘values given in this table for neutrons of 2200 meters per second-
velocity.. Because the cross sectioﬂs and associated quantities are energy de= -
pendent, a slightly different sét,of values is required if a Maxwellian neutron
energy distribution at room temperature is:considered. Some recent cross sec-
tion measurements are not in agreement with these "world consistent set’ values

S T s A A T T TR e I A

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

56. D. N. Hughes and R. B. Schwartz, "Neutron Cross Sections”, Brookhaven National
Laboratory Report BNL-325, Second Edition, Sup. of Documents, U.S. Goﬁ't Print-
ing Office, Washington, D. C. (July 1958) .

¥ The threshold values,deduced by Northrup, Stokes and Boyer from their curves
are -0.60, -1. 6@ and -1.47 but these threshold are defined in a way less suit~

able for comparison with the . "calculated" values of Table 11.h.
¥ Note added in proof, Table 11.5 as shown is taken from the later publlcatlon of

Hughes, Nucleonics 17, No. 11, 132, 1959, rather than from reference 56.
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o

World Weighted Averagos

Uranium-233

“World Consistent Set

o is the ratio of radiative capture to fission;
1] is the-average number of neutrons emitted per

7'is the average number of neutrons emitted per

“abs (varns) 580 % 4 578 4
°F (barns) 523 * 3 525 + 4 |
0.099 * 0.003 0.101 * 0.00k4
n 2.29 + 0.01  2.28'% 0,02
v 2,50 = 0.02 2.51 * 0,02
' Uranium-235 |
abs (barns) _683 * 3 683 * 3
»Off(barns) 582 * 4 582 + 4
o 0.179 = 0.009 0.17% #* 0,010
n 2.07 * 0,01" 2.07 % 0,01
2:43 ¥ 0.02 2,43 + 0.02
Plutonium-239 . '
%abs (barns) 1,028 * 8 1,028 + 8
°F (barns) Thz 4 Th2 £k
a 0.38 * 0.02 0.39 * 0.03
- . 2.08 £ 0.02 2.08 * 0.02
v - 2.89 £ 0.03 2.89 * 0.03
Jabs is ﬁhe absorption cross section; GF-is the fission cross section;

neutron absorbed;

. 3 \
‘fission event.

From D. J. Hughes, Nucleonic 17, No. 11, 132, 1959. See also Hughes, B. A. Mag-
arno, M. K. Brussel, BNL-325 (II), Supplement 1, i959. - '

~
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and it may'brove necessary eventually”te réviéé the values upwardf

The cross sections for radlatlve capture of a neutron or for fission
1nduced by neutron capture have been measured for many other heavy element nuc-
lides and these are listed in Table 11.6. Most of these were measured by &
comparison method using U'35 or Pu 39 as a reference standard,in a Makwellian
distribution of neutrons from a ”thermalvcolumn” of a reactor. Mapy of these’
nuclides have higher fission probabilities than do the "big three'; however,

" the half lives, the methods of production and other properties are not favor-
aable for engineering uses.

An examlnatlon of the results shown in Table ll 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 1s excited to a greater extent because of the energy re-
leased in the pairing of neutrons when the incoming neutron is absorbed BOHR57
pointed out very soon after the discovery of uranium fission that most of the
fission in natural uranium was due to the odd-neutron 1sotope, U235

HUIZENGA AND DUFFIELD58 59 called attention to an 1nterest1ng correla-
tion involving the ratio of fission to capture., The ratio of thermal neutron

fission cross section to ‘the thermal neutron capture cross section can be ex-

pressed as:

where Ff/ﬁ is the prObability per unit time that the compound nucleus loses its

-

* TFor example, Bollinger, et al. obtained the value of 606 6 barns for the
f1s51on cross section of U 235 with 0.025 Mev neutrons using a new and very
elegant method for meking a direct absolute f1s51on cross section measurement.
Bull. Amer. Phys. Soc. Ser. IT 2, 196 (l957); a program for the more accurate

»measuremeht of 7 in U233 was started in the AEC national laboratories in
1959. This may result in a revision of this important constant.

57. N. Bohr, Phys. Rev. 55, 418 (1939) _ '

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

59. J. R. Huizenga, Paper No.26, '"Proceedings of the,Internatlonal'Conference

on the Peaceful Uses of Atomic Energy', Vol 2, United Nations, N.Y. (1956)
p.208. '
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Np

0.019 = 0.003

17

Table 11.6 Thermal Neutron Fission Cross Sections
) qcapture(barns)

Isotope O (barns) Reference Pile neutrons
Ra 223 < 100 - 1 125 + 15
Ra 220 <11 x 107" 2 18

< 0.05 ' 3
Ra.228 < 2 1 6t 5
Ac??T <2 T 495 + 35
on?el 1500 + 1000 b |
Th22§ < 0.3 5 123 * 15
7n 2% 45 + 11 5 .

230 < 0.001" 6 26 * 2
Th232 < 0.0002 6 7.57 £ 0.17
Th %32 <hx 1077 Lo -
33 15 & 2 7 1400 + 200
23" - <o0.01 i 1.8+0.5

~ pg 230 1500 + 250 8 .
pg 23t 0.010 £ 0.005 - 6 293 + Ll
pg 232 700 + 100 8 760 + 100
pg 233 <0.1 9 140 £ 20
pa?3*(1.18 m) < 500 b |
Pa§23l‘(6.7 h) £ 5000 i
ye30 ' 25 + 10 I

3t 400 + 300 'u
y23e 80 + 15 10 300 £ 200
y233. 532 + 6 11 56 + 2
U23h < 0.65 12 72 + 10
Syl 582 + 10 11 112 + 10
236 - - 2.6t 6
y238 < 0.5 13 2.76 + 0.06
y?3? 12 14 22
wp 23 900 + 300 15
Np236(5000 y) 2800 + 800 16
237 L

169 + 6
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Table 11.6 (cont'd) ‘ ' '

Ocapture Ibarns)
Isotope | -0 (varns) Reference Pile’ néi;i;rf'ons%
Np238 1600 ++100.7 18 RO flgj‘”
w2 <3 19 : 60 + 10
Pu236 . 170 +°35 36
_Pu237 2500 + 500 36 -
py2 18.2 £ 0.5 20 489 * 3
18.4 + 0.9 33 | :
- 16.5 £ 0.5 35
Pu239 - | 738 £ 9 ‘ 11 o 287 £_13
Puz%o - 0.8 £ 0.7 " 21 530 + 50
' ~0.05 8 250 + 4O
, | 0.03 * 0.045 39
. Puzul . 1060 £ 2O 22 390 + 80
| 950 + 50 23,2k
pyte <0.3 35 18.6 + 0.8
| 0 . 3k | .
23 B 170 £ 90
a2t r _ . 1.5%0.3
i Puzl_*5 \ o o 260 + 145
ap? 3.13 £ 0.15 33 700 + 200 -
- | 3.0 £ 0.2 - . 26,27 |
a2t 3000 8
| 25000 . 35 .
. 20000 .- 29
Am242 ' . 6000 .29 - 5500
6390 £ 500.. - - 33
oo 35 v
Am2h3 < 0.072 33 133.8 + 0.8
| <0.05 | 35 | : 4
22 <5 - 27 25
Cm2u3 490 = 70 ' 30 250 = 150
690 + 50 33 '
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Table 11.6 (cont'd.) S
' _ Gcapture(barns)
Isotope 0. (barns) Reference Pile neutrons
on2* 25 + 10
n?* 1880 150 33 200 * 100
1800 + 300 31
Cm246 ' 15 + 10
Cm2)+7 ' 180
e 2.2 % 0.7
B 29 1100 * 300
Bk 350
Cf249 630* 32 270 + 100
cr2? 1500
cr22t 3000
créot 30
e 2N <2
5223 —5 g2 g0
. — g2t 7

25k 2000 30 40

) ~2700" 35 |
E255 40

% . Values of ©

are reprinted from Table

in Chap. 2 vwhere

capture
the references on which they are based are listed.
*¥  Measurement made in pile neutron flux.
*x PHZMO

is of special importance in reactors. In a pile neutron

 flux it is important to consider the sharp resonance at 1 electron

volt.

xxx py2l

See for example reference 37 and 38.

has an importaht low-lying resonance at 0.252 ev.
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excitation by fission and Fc/ ﬁ is the probability per unit time that the com-
pound nucleus loses its excitation by gamma ray emission. If Pc is avvery
slowly changing function of the nuclear excitation energy in the region under
@onsideratibn (5 to 7 Mev) and ifr. has a sensitive dependence on nuclear ex-
citation energy in the above energy range, then a correlation of of/oc with
the energy difference Bn - Ea would be expected. Here Bn is the neutron bind-
ing energy and Ea is the activation energy for fission. Of course, nuclear
type may influence the Gf/cc ratio to some degree, but it is not possible to
take this into account in a quantitative manner. For example, the probability
for‘gamma ray emission may be less for the intermediate fissioniné nuclei of
the even-even type because of largervlevei spacing,. which meaﬁs that fission
is relatively favored and would occur at lower excitation relative to the bar-
rier height. Values of Bn - Ea can be taken from Table 1l.4. Some values.of
of/cC are plotted in Figure 11.18 against the energy difference Bn - Ea. It
can be seen that the ratio of/oc decreases sharply and rather smoothly with
decreasing value of Bn - Ea’ This correlation is useful in predicting the fis-
sion cross section for nuclides for which this quantity has ndt been measured

231 237

or is difficult to measure. Nuclides such as Pa for examplé,.

and Np
are on the borderline of thermal neutron fissionability. In the next chaﬁter

we shall be concerned with fission probability of nuclei excited to higher
energyiand there it will be regarded as a matter of some interest to explore the
somewhat related ratio OF/Gn = FF/P L s a functién of nuclear type and excita-

tion energy. See section 12.1.k4.

11.3.3 FisSﬁDn Cross Section as a Function of Neutron Energz in the
Thermal and Resonance Energx Re%ion° The variation in fissionability of the

.heavy element nuclides as a funcfion of neutron energy is a matter of the
utmost practical importance in reactor calculations and design and is of great
fundamental interéét 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 plutoﬁium 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 wofld,.consist in the measurement of scattering cross-sec-
tions, total absorption cross sectiqns, fission cross sections and related
quantities such as « (ratib of radiative'capture to fission), and 3 average

v nu@ber of neutrons per fission, as a function of neutron energy. A great deal
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® . Bn-Eq
. MU-19426

Fig. 11.18. Correlation of the ratio op/o. with the energy
difference By-E; taken from Table 11.L. _
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of effort has gone'into the development of monoenergetic beams of nentrons_using
time-of-flight techniques or crystal spectrometers. Accelerators and feectors
have been usedaas'sources of intense beams of neutrons. We have space to sketch
in only a few of the results. Those requiring a more complete discussion of |
experimental technlques, results and 1nterpretatlons can consult other refer-

60-65

" ‘ences. _ : ,
Consider first Figure 11.19 which shows the fission cross-sections for
2 23¢ ' :
U 3 and Pu 39 as a function of neutron energy. For.UZBSSin the region from
O to 0.2 electron volts the curve follows roughly the l/vﬁiaw. Above 0.2 elec-

"

tron volts there-are many sharp peaks or "resonances" which reflect the capture t '

60. D. J. Hughes, Pile Neutron Research, Cambridge, Masss} Addison-Wesley, 1953.

61. D! J. Hughes and R. B. Schwartz, iNeutron Cross Sections" Report BNL-325,
Second Edltlon (1958). For sale by Superlntendent of Documents, U.S. Govern-
ment- Prlntlng Office, Washlngton 25, D. C.

62. Vol.4t "Cross Sections Important to Reactor Design,” Proceedings of the Inter-
national Cofiference on the Peaceful Uses of Atomic Energy, U.N. New York,1956.
_Vol 15 "Physics in Nuclear Energy ', Proceedlngs of the Second U.N. Interna—
tional Conference on the Peaceful Uses of Atomic Energy, Geneva, 1958.

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

64k. 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. | |

65, Proceedings of the Internatlonal Conference on the Neutron Interactlons with

the Nucleus, held at Columbia University, New York, Sept. 9-13, 1957. Report

TID-7547, Available for $3.25 from Office of Techriical Services Department

of Commerce, Washington 25, D. C.
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of a neutron with kinetic energy such that the binding energy plus the kinetic
energy of thé neutron is precisely equal to the energy of some quantum state in
the excited nucleus. These resonances correspond to energy levels about 6,Mey
above the groﬁnd level in the compound nucleus system. In the region of 0,3 év
to about 60 ev there are many dozens of éharp 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 the resonance struc-
ture. The extremely detailed experimental data on the individual resonances

can be represented adequately only on a series of curves showing narrow cuts of
the energy spectium. We show here only one example of such plots (figure 11.20)
since it is beyond the scope of our review to present a criticalyacedunﬁ of this
specialized field of neutron physics. The total absorption cross-section curves
are similar to the fission curves shown here; the same resonances appear in

- both capture and fissionc‘ However, the value of &, the ratio of capture to fis-
sion, is not the same for all resonances as can be seen ih'Figure 11.20.4s .stated
above, the resonances observed in these studies correspoﬁd to energy levels
abouf 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 fissian croSs-section curve
and the large competition of radiative capture with fission was a surprise to
most physicists at the time it was first discovered. It had been thought that
the fibssionable nuclides would have such large fission widths after capture of
neutrbns in the low and intermediate energy ranges that all resonance structure
would be washed out. (See for example the discussion of BOHR AND WHEELER oz in
their 1939 papér,) The explanation of the sharp resonance 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 numbér’of channels were open for
fission in & nucleus excited to a typical slow neutron resonance stafe then the
' resonance levels would become unresolved. >This is presumably what happens at
higherrexéitation -energiésw

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

in the case of breeder reactor. The fission cross section for Pu239 as a function
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~ Note the identity of(n;ﬁ and fission resonances and

the differing values of & frog resonance to resonance,
:Figure -from Shore and Sailor.'9_ o
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of neutron.enefgy (Figure 11.19) shows that a.very important-resonance occurs
at the low neutron'energy O, 296 electron volts. Since the value of & for this
_resonance is quite high, O, 69, it is particularly importent in reactor des1gn.
The analys1s of the resonance peaks observed in capture and flss10n,
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

b’ g .Tn Tp

A(E-EO)Z

fission = -
L TP (11.42)
where
N 1is the wave length of the neutrohs
xo is the wave length of the neutrons at resonance
' ,the total width of the level, is the sum of the neutron
width ['_, the radiation width I, end the
fission width F

E is the neutron energy and: E refers to the neutron

energy at exact resonance

g is a statistical weight factor given by g'= 1/2 1z 1
: . 2I+1

I = spin of the target nucleus

It can be seen that the shape of the resonance is symmetrical with a maximum at
the resonance energy. vThe‘quanﬁities EO, g, Pn, vPY 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 aecurately computed at
any eriergy. The need for data of this type for reactor design has made the ac-
curate analysis of the resonances of cohsiderable importance. Several of the
refe’renc_es61-63 cited in this ehapter give‘tables.of sucheparameters. These
tables are under continual revision as more resonance peakslare resolved,

In the ﬁeutron capture resonance spectrum many of the individual res-
onances have the expected symmetrical shape but in the fission spectrum many of

the resonances have an asymmetric shape. deviating markedly from the predlctlon
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66-69

of the singlteevel Breit-Wigner formula. : These observed asymmetriés’ can
be explained in two ways: (1) they are caused by small unrésolved levels near
the prominent ones; or (2) they are caused by interference between the resonhance
levels. An increasing amount of recent experimental evidence points toward inter-
ference as being the mare frequent cause, If this is truly the casé, then one"
should use a multilevel Breit-Wigner formula to describe the fission 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 indicates that slow
neutron fission may involve a small number of fission channels.7o The experi-
mental data favoring a multi-level Breit-Wigner analysis are presented by sev-
eral authors, particularly,v. L. Sailorc66’67’69 A muiti-level dispersion for-
mula has been derived in published theoretical papers tovaccount for the experi-
mental data. REICH AND;MOORE71 derive a formula which is valid for the. case of
a single fission channel: which SHORE AND SAILOR69 apply quite successfully tQ
the resonance structure of U2350- VOGT72 derives a multichannei,vfew-level, dis-
persion formula which also accounts reasonably successfully for the experimental
data.

One difficulty in the interpretation of resonance structure. is the lack
of an experimental method for the determination of the angular momentum guantum
number for each resonance level.

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

66. V. L. Sailor, International Conference on the Peaceful-Uses of Atomic Enefgy,
Geneva, 1955, United Nations, Néw York 1956, Vol. Iv, p.199.

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

68. J. E. Evans and R. G Fluharty, ibid, pp.98-104; see also Fluharty, Moore and
Evansﬁ Paper P/645 Vol 15, Proceedings of the Second United Nations Internat-
lonal Conference on the Peaceful Uses of Atomic Energy, September, 1958.

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

70. C. E. Portor and R. G Thomas, Phys. Rev. 10k, 483 (1956)
7l. C. W. Reich and M. S. Moore, Phys. Rev. 111, 929 (1958)
T72. E. Vogt, Phys. Rev, 112 203 (1958).
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formila has interesting theoretical consequences since it strongly suggests
that slow-neutron fission is a process defined by one, or at most, a few re-
~action channels. This seems strange at first consideration because it seems
natural to assumé fhat each pair of fission fragments in each possible state
of excitation constitﬁtes a separate fission exit channel. The broad disfri-

~ bution of fission 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 briefly outlined by A;BOHR73 at the 1955 Geneva Conference
‘which is mentioned in Section 11.2.2. The ‘essence of this theory is that the

' ﬁUcleus 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
relatively "cold' and only a few well defined quantum states will be available.
to it. These states may resemble the low-lying states found near the ground
state for heavy nuclei which already at the ground state have considerable
deformation. Thus, the original compound nucleus, although it could be formed
by capture of the neutrons into numerous levels, could pass through only those
“very few available transition states_with the proper total angular momentum
and parity. The term "fission channel" would be associated with these transi-
tién states. Each of the transition states or fission channels can subsequently

lead to the formation of a whole spectrum of fission fragmenfs.

11.3.4 Fission Threshold Measurements bz the (dzE? Fission Method.

It is not possible to investigate the threshold energy region for a compound
nucleus forméd‘by the capture of a slow neutron if this nucleus is already ex-
cited above the fission threshold when the neﬁtron is absorbed. At the Los
Alamos Scientific Laboratory STOKES, NORTHRUP AND BOYERYM’75 have'developed a

clever experimental technique for the measurement of fission cross sectiohs of

73. A.Bohr, Proceedings of the United Nations Conference on the Peéceful Uses
of Atomic Energy, Geneva, 1955. ﬁnited Nations, New York, 1956. Vol.2
. p.151, | | - |
Th. R. Ho Syokes, J. A. Northrup and K. Boyer, Paper P/659 in the Proceedings
of tﬁg Second United Natiohs International Conference on the Peaceful Uses
- of Atomic Energyy'
75. Jo A. Northrup, R. H. Siokes and K. Boyer, Phys. Rev. 115, 1277 (1959).

1
‘
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nuclei eXcited to a definite value below the neutron binding energy. The Z

(d,p) ZA+l réaction is used to produce the compound nucleus ZA i 1 in an excited
state, As in the case of neutron bombardment compound nuclei can achieve excita-
tions greater thén the neutron binding energy, eh‘(region B of figure 11.21);

_ the compound nucleus is, however, not limited to this region of excitation as

it is in the case of slow neutron capture, but in addition can achieve any exci-
tation from zero up to ep (region A of figﬁre 11.21). This region A where the
absbrbed neutron has 'negative' kinetic energy is most interesting because the
probability for fission is not obscured by neutron re-emission and because the
fission thresholds of many fissioning nuclel may appear here. ‘

Tt should be noted that fission induced by capture of neutrons by
deuteron stripping differs from fission inducéd by slow neutron capture in that
éngular momentum greater than zero may be brought into the nucleus in the first
case. This angular momentum may have a noticéable effect on the fission process.

The experiment consists in. the bombardment of suitable targets with 1k
Mev deuterons in the external beam of a cyclotron and the simultaneous measure-
ment of fission fragments and of protons with a known energy. A schematic dia-
gram of the apparatus76 is shown in Figure 11.22. The fission detector is a
shallow proportional counter 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 1s an ion chamber which is used to measure the rate of
energy loss of light charged particles. After passing through the A E counter
these particles are stopped in a small crystal of Nal and give up the remainder
of their kinetic energy, E. The NaI crystal is connected to a light pipe and
photomultiplier tube and finally to a 100 channdl analyzer which determines the
quantity E by measuring the size of the pulse from the thtomultiplier.

. The purpose of measuring both AE and E for the light charged particles
is that discrimination.of protohs from other particles, chiefly deuterons and
tritons, can be achieved by forming the products, AE x Ef 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 a charged particle is 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 experlment of STOKES, NORTHRUP AND BOYER7M (& theA E

76. Details of the apparatﬁs are given in Reviews of Scientific Instruments, 29

61 (1958).
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Fig. 11.21. -Energy relations for the‘(dgﬁ reaction on heavy
elements. (Center-of mass-motion is neglected). E
and €4 are the kinetic and binding energy of the deuteron
respectively. Ep 1s the kinetic energy- of the_outgoing
proton and E, is the equivalent kinetic energy of the in-
coming neutron. €, is thecneutron  binding energy and Eyx
is the excitation above the ground state, both for the
compound nucleus. . © and op are representative cross
‘sections of the (4,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). o o -
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Fig. 11.22. Schematic drawing of the experimental apparatus
used "2 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; LB, a
thin transmission ion chamber; E, a NaI(Tl) spectrometer.
The auxiliary components shown are these: (a) deuteron-
beam path; (b) final gold collimator having a 1/16-in;
aperture; .(c) fissile target; (d) and (e) the alternate
positions of the AE and E counters regpectively during
the Eq = 7-Mev runs; (f) Z-mg/cm2 gold scattering foil;
(g) NaI(T1) courter used as the beam-energy monitor; and
(n) Faraday cup. Figure from Stokes, Northrup and Boyer,

Phys. Rev. 115, 1277, {(1959).
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couhter takes out a sizable chunk of the initial energy so that AE x E is not
quite the proper product for use in mass identification., Instead, they use the
expression, (E + EOV+_1/2 AE) AE, where E_  is a constant, and achieve very
clean discrimination of protons, deuterons and tritons. A high speed computor
circuit utilizes coincident AE and E pulses to perform the requiréd arithmeti-
cal operations. The output of the computor circuit is put thrdugh.a simple
discriminator which passes only‘those pulses identified as proton pulses.
The 100 channel analyzer is used to measure the energy of any particle which
has been identified as a proton. By a suitable arrangement of coincidence gir-
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 event. By ‘analyzing many
(d,p)vreabtion events in this mannér, curves are obtained showing the total
(d,p) probability and the (d,p-fission) pfobability 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-coinéident proton energy spectrum corrected
for chance rate. Below this is the total (d p) proton energy spectrum corrected
For light element contamination. It 1s ins tructive to plot the quotient of:
these two spectra and this is done in flgure 11, 2& not only for Pu 239 but ailso
for U 33, U235 nd U 238 targets. These curves are normallzed accordlng to the
known solid angle of the fission counter assuming an isotropic fragment distri-
bution. 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 regioh of positive neutron energies and a comparison can be
made w1th the measurements made by more usual experimental methods. The agree-

ment in this case with the fission excitation function of LAMPHERE77

is satis-
facforya‘ Tpe other three cases are quite. interesting in showing fission thfes-
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-
o Pu?3? and U?33.  STOKES, NORTHRUP AND BOYER 77 suggest an interpretation
of these multiple thresholds in terms of A.BOHR'S73 picture of the fission -

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

77. R. W. Lemphere, Phys. Rev. 104, 1654 (1956)
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Fig. ll.zg. 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) designiged
as 0p. In the middle, o, is the total Pu?39(a,p)Pu?
proton spectrum correcteg for light-element contaminants
and the target backing material. At the bottom P = of/cp
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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Fig. 11.24. The probability for fission, P, as a function 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 (1959). ' '
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tion states resembling the low 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 results 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 COWORKERS78 in a radio-
chemical analysis of fission product distributions. It was also found, as is

evident from a glance atvfigure 11.24, that only a fraction of excited nuclei

formed by the (d,p) reaction decayed by fission.

11.3}5 Cross-sections for Fission Induced by Neutrons in the Mev Range

of Energzjmf We have seen that neutrons of thermal energy or of energy slightly
aﬁové fhérﬁal 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 poésible to induce.fiésion 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 roughiy 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 geomebtrical crdss section., The curve then flattens out over a
several Mev range until a new rise sets in.at about § to 7 Mev. This second
rise is atﬁributablé to the fact that the excitation energy is high enough to
permit evaporation of one neutron without reducing the excitation énérgy 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 U238 case shown in figures 11.26 and 11.27.

This type of fission excitation was predicted by BOHR79 in 1940, Other

isotopes for which experimental data are availableBO—Bl indicating an excitation

231’ Uzgu, U236, Np237 Puzho and Amzul°

curve of this general shape are Pa )

78,

T. T. Sugihara et. al., Phys. Rev. 108, 1264 (1957).
79. N. Bohr, Phys. Rev. §§, 864 (1940)
80. R. W. Lamphere, Phys. Rev. 104, 1654 (1956)
81. R. K. Smith, R. L. Henkel and R. A. Nobles, Bull. Am. Phys. SOC.III, 2

196 (1957) and unpublished results, Los Alamos Scientific Laboratory.
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Fig. 11.25. Schematic behavior of neutron-induced fission
crose sections. Cross-section in barns as.function of
neutron energy in Mev. (After J. D. Jackson). .

‘Category A. Targets with finite fission

threshold. R S

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 threshs-
old but with only moderate fissionability.
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Curves are given in reference 61.

The measurements on U238 have been extended to neutron energies as
high as 22 Mev as shown in figure 11.28, taken from a publication of HEMMEND-
INGER820 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 Mev, '

‘The curve for the Th232 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, etc.) 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 exciation 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 region. ' See the discussion
of section 12.1.6 in the next chaptefc »

Returning now £o figure 11.25, we can discuss €ategory B which includes
nuclides which have high cross sections for fission with thermal neutrons. In
the Mev range of energies the fission cross section drops to somefhing of the
order of one barn, stays almost constant over a range of séveral Mev and rises -
again to & new plateau when the neutron energy is 6-8 Mev. We show the data
of SMITH , HENKEL AND NOBLES26 in figure 11.27 for U233, U235 énd Pu239 which
ére representative of Qategory. B.

Category C represents nuclides of low fissionability with fission
thresholds above the thermal region. 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 emissidn will leave the intermediate nucleus with sufficient energy
to fission, but not enough to emit a second neutron. When somewhat higher en-
ergies are reached, the emission of a second neutron becomes possibie‘and
since this is a more probable process for this class of nuclides, the observed

fission cross-section decreases.

82. A. Hemmendinger, 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 plateay wa§ . pro-
83 o - for fission

posed by HENKEL AND BARSCHALL ~.Th&y plotted the fission cross sectioinnduced

by 3 Mev neutrons agalnst Zu/3/A and found the linear relationship shown in

figure 11.29. This correlation is useful for predlctlng Ccross sectlonst There

is no presently known theoretlcal reason for the spec1al 51gn1flcance of the

quantity ZA/B/AG
11.3.6 Probability of Spontaneous Fission

HALF LIFE MEASUREMENTS

Spontaneous fission is generally observed for the even-even nuclldes
in the region of. thorlum and higher elements. Spontaneous fission is Very
strongly dependent on the atomic number. 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. » f

5lIBBY8Mmade the first reported attempt to discover'spontaneous fission
in uranium but failed to find 1t because of the low specific activity for the
effects PETRZHAK AND FLEROV85 made the first p031t1ve.demonstratlon of spon-
taneous fission; they made their discovery with.the element uranium. SEGRE
descrlbed measurements made by himself arid his coworkers at Los Alamos during
World War II on the following nuclides: Th230’ 232, a23l 233, U23)+ 235

238, p237, Pu238, 239, and Am ul. In priociple, the ekperiments consisted

of puttihg a thin layer of the material to be investigated into an ionization
chamber connected to suitable amplifyiﬁg and recording'nircuits. Théese nuclides
have such long half- lives for spontaneous flss10n ‘that close attentlon must
be given to discrimination against pulses from the manyfold more numerous alpha

particlesakgackgroundveﬁfeeﬁg,and from possible fission induced by stray neutrons.

83. Henkel and Barschall, private communication from R. H. Stokes; See also
Allen and Henkel, Progr. Nucl. Energy, "4" Geries I, Vol II. 38 (1958)

84, W. F. Libby, Phys. Rev. 55, 1269 (1939)

85, K. A. Petrzhak and G. N. Flerov, Compt. Rendu. Acad. Sci. USSR §§, 500
(1940), J. Phys. USSR 3, 275 (1940). “

86. E. Segre, Phys. Rev. 86, 21 (1952).
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Self absorption losses can be severe. These difficulties are greatly reduced as

" higher elements are studied. ' In particular, the study of spontaneous fission

2 2
in californium and fermium is comparatively easy. For example, Cf oz and Fm o4
have spontaneous fission decay rates which are a few percent of the alpha decay
rate while Fm256 and Cf254

nuclides thé measurement of spontaneous fission rates is a convenient routine

decay primarily by spontaneous fission. For such

method of detection and measurement. -Spohtaneous fission can also be detected
and subjected to quantitafive measurement by‘radibchemical analysis of fission
products, a subject which is reviewed in section 1l.4.L4 later in this chapter.

| Table 11.7 lists the known data on spontaneous fission half—liveé to-

gether with references to the original.data.:

CORRELATIONS OF SPONTANEOUS FISSION DECAY RATES

The data on spontaneous fission oan be treated graphically in a number
of ways. WHITEHOUSE AND GALBRAITH87 and G. T.YSEABORGSBindependently made the
interesting observatioxr tha£ in the case of even-even nuclides the half-life for
spontaneous fission seems to decrease exponentially with increasing ZZ/A while
nuclides with an odd number of nucleons (prdtons or neutrons or both) decay at
a much slower rate. Thus a plot of the logarithm of the partial spontaneous
" fission half-life, T, against ZZ/A resulted in a fairly good straight line for
' the limited data available at the time. ' |

, T = 16-21 X 10178 - 375 ZE/A seconds. (lloh3)

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 accouht for the varia-
tion of half life with A. Thus HUIZENGA89 pointed out that for a given value
of 7 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‘GHIORSO9O. A plot of the logarithm of the halfulife versus

87. W. J. Whitehouse and W. Galbraith, Nature, 169, 4ok (1952)

88. G. T. Seaborg, Phys. Rev. 85, 157 (1952)

89. J. R. Huizenga, Phys. Rev., 9k, 158 (1954

90. 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
: Th230 > 1l.5«x lOl7by , " E. Segre, Phys. Rev. 86,21 (1952)
2 . ‘
Th 32 : > lqu'y A. V., Podgurskaya et ‘al., Zhur.
| _ Eksptl. i Teorét. Fiz. 28 503 (1955)
> 102t y ~ G. N, Flerov
232 | oo o 13
U (8 +5.5x 100° ¥y A. H. Jaffey and A. Hirsch, unpubllshed
~ work (1951) :
2 .
34 1.6 x 1016 y ‘A, Ghiorso et al., Phys. Rev. 87, 163
| | (1952). | |
2 | | ' |
U 35, . 1l.8 x lOl7vy E. Segre, Phys. Rev. 86, 21 (1952)
U,36 2 X 1016 y ' A. H, Jaffey and A, lesch unpubllshed
' © . data (1949) g
2 . . _
U 38 8.0k x 1072 y : E. Segre, Phys. Rev. 86, 21 (1952)
238 (5.9 + 0.1k)x 102 y  P. K. Kuroda and R. R. Edwards, J.
Inorg Nucl. Chem. 3, 345 (1957)
y?38 (1.3 £ 0.2)x 10 § N. A. Perfilov, J. Exp. Theor. Phys.,
L : : USSR 17, 476 (1947)
236 9 ;
Pu 3.5 x 107 y ' A. Ghiorso et al,, Phys. Rev. 87, 163
- ‘ (1952 |
2 g ,
Pu 38 _: ‘5.9 x 100 y A. H. Jaffey and A, Hirsch, unpublished
' data (1947)
2 . v _
Pu 39 , 5.5 x 101° y E. Segre, Phys. Rev. 86, 21 (1952)
2 .
Pu 4o . . l.2 x 10t y 0. Chamberlain et k., Phys. Rev. 9&
: : 156 (1954) -
1.32 x lOlly ' © " B. M. Kinderman, Atomic Energy Commis-
- sion Declassified Report HW-27660,
1April 1953 '
242 iy 10 ' g
Pu . (7.06 £ 0,19) x 10 y - J. Mech et al., Phys. Rev. 103, 34O
I - (1956)
8.5 x-lOlO y ' Jones et al., Knolls Atomic Power Lab-
oratory Report, KAPL 1378 (1955)
10

(6.64 + 0.10) x 10 y J. P, Butler, Lounsbury and Merritt,
' S Can. J. Phys. 34, 253 (1956)
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‘Puzhu
szuo

Cm242

szhh

szh6

Cm2h8

CmZSO

Bk2u9

ct

szBo

Cf252

(2.5

249

O.8)x lOlo

1+

1.9 x 10° y

1.hx 107 y

7

—

(4.6 + o.s);x 106

~2 X 104 Yy

6 X 108 y

>2 x 108 y

> 1.4 x 107 y

(2.1 + 0.3)x 103 y

7 X 103 y

>1.5 x th vy
1.5 x lO9yy
> 4.5 x-'lO8 y

(1.5%0.5 )x 1olL v

66 £ 10 y

(2 £ 0.8) x 10"y

P.R. Fields et ale, Phys. Rev. 100, 172
(1955)

A, Ghiorso et al., Phys. Rev. 87, 163
(1952)

- A, Ghiorso and H. P. Robinson, unpubz

lished results (1947); G.C. Hanna et al.,
Phys. Rev. 81, 466, (1951)

A. Ghiorso et al,, Phys. Rev. 87, 163
(1952)

S. Fried, J. Inorg. Nuc. Chem. 2, 415
(1956) ,

J.P. Butler, T. A. Eastwood, H.G. Jack-
son and R.P. Schuman, Phys. Rev. 103,

965 (1956)

J. Huizenga and H. Diamond, Phys. Rev.
107, 1087 (1957) |

A, Ghlorso et al., unpubllshed results
(1955

L.B. Magnusson et al., Phys. Rev. 2@,
1576 (1955) S
T.A. Eastwood et al,, Phys° Rev. .107
1635 (1957)

E. K. Hulet et al., Phys. Rev. 89, 878
(1953)

E. K. Hulet, Ph.D. 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 et al., Phys. Rev. 107
1635 (1957)

A, Ghiorso et al., Phys. Rev. 9k, 1081
(1954); P.R. Fields et al., Nature 174
265 (l95h), L.B. Magnusson et al., Phys.
Rev. 96, 1576 (1954)

L.B. Magnusson et al., Phys. Rev, 96,
1576 (1954); A. Ghlorso et al., Phys,
Rev. 94, 1081 (195k%)
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826y » -T. A, Eastwood et al., Phys.- Rev. 107,
| 1635 (1957)
2c , .
Cf 54 ' 56.2 * 0.7 & : J. R. Huizenga and H. Dlamond Phyﬁ Rev,
107, 1087 11957)
85 £ 154 ° - B. G. Harvey et al., Phys Rev, 99,237
337 (1955)
55 4 ' P.R. Fields et al., Phys. Rev. 102, 180
- (19%6) |
60 * 12 d W.C. Bentley et al., Vol 7, p.261,Pro-
' ceedings of the International Conference
on the Peaceful Uses of Atomic Energy,
. Geneva 1955, United Nations, NeW York, 1956
2 .

E 23 3 x‘l‘O5 y ~ P.R. Fields et al., Phys. Rev. 9k, 209
(1954) ; A. Ghiorso et al., unpublished
results (l95h

L (7% 3) x 10° y oo Jones et al,, Phys. Rev. 102, 203 (1956)

2

E 54. 1.5 x lOSAy - A. Ghiorso et al., unpubllshed results

- | (1955) ,
254 -
Fm 200 a : - G. R. Choppin et al., Phys. Rev. 9k,
: 1080 (1954)
220 + 40 a " P.R. Fields et al,, Phys. Rev. Ok, 209,
{ (1954) |
246 d - Jones gt gl., Phys. Rev. 102, 203 (1956)
; . —_—
2% > 60 y . A. Ghiorso et alc, unpubllshed results
. g (19550
256
Fm 3 h : G.R. Choppln et alo, Phys° Rev. 98,

1519 (1955)

y = years; 4 = days; h = hours,
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ZZ/A is shown in figure 11.30, It is interesting to note that if the line is
extrapolated to the region of instantaneous rate of spontaneous fission (i,e.
half-life of the order of LO-ZO seconds) the value obtalned for Z /A is ~UT
which corresponds nearly to the predicted (Z /A) 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
'cunvee 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 region‘of element 108 the maximum half-1ife
- will be. in»the renge of microseconds. ,
| * Another useful correlationq of spontaneous-fission half-lives has been
provided by STUDIER AND HUIZENGA9 who revived the KRAMISH9 -correlation of the-
ratic of helf-lives for spontaneous fission and alphe decay versus ZZ/A except .
that, instead of connecting consecutive alpha decay products,they were able to
show & more consistent relationship by correlating nuclides differing by two Z
units and six A units. The Studier~Hulzenga systematics of spontaneous fission
are shown in figure 11.31.
E ‘dHIORSOgo pointed out that the measured spontaneous fission half-lives

of Cf?Ez, Cfth, 2ok and Fm256 are Substantielly shorter than had been pre-
dicted by the systematics of the above mentioned types. GHIORSO interpreted this

as  additional eVidence thet & neutron subshell is closed at 152 neutrons and .
that the nuclear constitution for isotopes with more than 152 neutrons is some4
'whatidifferenty 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 closure at 152 neutrons, (See for
example, figure 8.6 in Chapter 8), _ .

A If this 152 neutron effect is real the predictions of spontaneoﬁe-fis-
sion half lives for isotopes of elements 100 and above are markedly influenced.
In fignre 11.32 we show Chiorso's modified plot of the spontaneous-fission‘sys-

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

91. M. H. Studier and J. R. Hulzenga, Phys. Rev. 96, 545 (195h4)
92. A. Kramish, Phys. Rev. 88, 1201,(1952)
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nuclides versus Z&/A. '
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line shows.the 152-neutron shell gnd the predicted'lines for elements 100, 102,
20l and 106 show a strong prejudice for the hypothesized 152-neutron shell ef-
fect. This correlation is not completely established.

FOREMAN AND SEABORG93 have replotted spontaneous fission half lives
against mass number as shown in figure 11.33, .This plot indicates. that all =
even-even isotopes with neutron number equal to or greater than 152 lie on the
same straight line so that the spontaneous fission half lives for these iso-
tcpes appears to depend only on the mass number. Some predictions of spontan-
eous fission half lives of‘unmeasured isotopee with atomic number 100 or greater
are given in Table 11.8.

SwIATECKTO "

the rate of spontaneous fission by pointihg out the great sensitivity of the

has mede an important contribution to an understanding of

decay rate to the finer details of the ground state masses of nuclei, - Swiatecki
showed that any nucleus which had a spe01al stability in the ground state as
measured against some smooth reference is 1nvarlably associated with a longer
lifetime than that given by a straight line Z /A relationship such as given in
figure ll.30.' Each millimass unit of extra ground.state stability corresponds
to about lO5
half life, te£p, bytadding a factor ko M where k is an empirical factor and

times.longer,lifetime. Swiatecki corrected each experimental

&M is the deviation of the ground state mass from the smooth reference mass

surface given by GREEN95

Thus, in effect, Swiatecki has an explanation for

the variation of the spontanecus fission half lifevwitth for a_given 7 and for
the dramatic effect which occurs at 152 neuﬁrcns. Figure 11.34 shows the remark-
.able smoothing of the data ‘which oecurs when this correction is applied.

The success of this correlatlon leads to the conclusion that the saddle-
point energy surface is much smcother .and freer of shell-efféects than is the
ground state surface. As the distance between -the two surfaces decreases Qith
increasing Z it might be expected that shell effects in the seddle-@oint surface

might become important.

93. B. Foreman and G. T. Seaborg, J. Inorg. Nucl. Chem. 7, 305 (1958).
9k. W. J. Swiatecki, Phys. Rev. 100, 937, (1955)
95. A. E. S. Green, Phys. Rev. 95, 1006 (1954)
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Table 11.8 Some Prediction Half lives for Spontaneous Fission of Isoﬁopes
. : * _
of Elements 100 through 104

~ 'Nuclide | o Ty/p SF
Fm257 1 min
Fm258 30 sec
My 252 : -
Mv253 ‘ yr
Mvzsh_ 50 day
My22? , 2 day
Mv257 - : "1 min
w278 B 20 sec
1022°2 10 day
102223 20 day

' lOZzSh . 50 day
102255 : ' 2 day
1022%6 o 5 hr
.102257 ' _ 1 min
102258 | 20 sec
110372 2 day
103256 5 hr
103%57 . o 1 min
103298 - 20 sec
103259 ‘ S . 2 sec

) 103260 o o 0.1 sec

: th256 | | 5 hr
th257 » 1 min
10h258 26 sec
10h259 ' ' 2 sec
10h260 ‘ _ 0.1 sec
10&261 ’ 5 x 1073 sec

* As given by Foremen and Seaborg, J. Inorg. Nucl. Chem. T, 305 (1958)
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From Swiatecki, Phys. Rev. 100, 937 (1955).
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J. O. NEWTON96 and, later, WHEELER®' have offered an attractive explana-

tion for the reduced rates of spontaneous fission of odd-nucleon nuclides using
the strong coupling approximation of the unified model of Bohr and Mottelson.
This explanationifollows from the quantization of the intrinsid angﬁlar momen-
tumgzﬁ , of thée nucleonic system about the symmetry axis, and the fact that
this intrinsic angular momentum for the state of lowest energy changes with in-
creasing spheroidal deformation, & , in the case of odd nuclei, whereas for
even-even nuclei the nucleOnic state) = 0 lies lowést at all deformations.
'Thus in the case of even-even nuclel the top pair of protons or neutrons can
readjusf their orbits while conservingﬂngﬂér momentum as the energies associated
with the orbital change with increasing deformation. In the case of odd nuclei
a given nucleonic component of angular momehtum&l can only be maintained during
the change of orbital position with increasing deformation by introducing nue-
leonic excitation energy intQ the system at the eXperise of kinetic energy in )
the fission mode. Wheeler makes a rough estimate of thisrexcitationv(whiCh_

he térms specialization engrgl)‘using Nilsson's curves for the dependence of

individual nucleon energy upon deformation. 'In this manher, Wheeler estimates
sufficient additional activation energy for fission of odd nuélei to account on
the average for the outstandingly slower spontaneous filssion rates for odd nucleil,
Spontaneous fission half lives are competitiVEwﬁith alpha decay half
lives for the higher nmndss, even-eveh isotopes of californium and fermium and

szsh'decays chiefly by

presumably even more competitive for higher elements.
spontaneous fission with a half life of 56 days; the alpha half life is estim-
ated to be about 100 years., In Fm256
fission; the obéerved 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 decay is gpontaneous

that elements beyond fermium can be made in measurable quantities by neutron
irradiation techniques, at least not until much higher neutron fluxes are avail-
able. According to figure 2.5 in chapter 2, it is necessary to reach a mass

number of 259 before a beta-emitting fermium isotope is reached..  The estimated

96. J. 0. Newton, Progr. Nuclear Physics, L4, 234-286 (1955)
97. J. A. Wheeler, "Nuclear Fission and Nuclear Stability", a contribution to

Bohr 70th Anniversary Volume, Pergamon Press, London.
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spontaneous fission rates of Fm 258 andtfm26o are so large that most of the.atoms
of these isotopes will be destroyed by this. process before they are converted
o heavier isotopes by neutron capture Hence very llttle bulldup of element
lOl and higher elements can be expected in heavy element samples 1rrad1ated in
high flux reactorse-” . ' » .

_ 'FIELDS et 52?8 and BENTLEY et al99 have discussed the possible usefulness
of some of. the short-lived, spontaneously-fissioning isotopes as sources of
‘neutrons. —Cf252 is attractive for this purpOSe beeause it can be made in appre-
ciable yield by long time neutron irradiation of plutonlum. (This isotope has
a neutron emission rate of 3 x 10 12 .neutrons per second per’ gramp)

11.3.7 Probability of Photofission and of Fission Induced by Charged

Particles. The discussion of photofission thresholds, fission excitation
functions in photofissidn_and in charged particle induced fission and in other

characteristics of fission induced in these ways is reserved for Chapter 12,

98.th7R.’Fields5 M. H. Studier5 L;'B. Magnusson and J. R. Huizenga, Nature,
174, 265 (195h) -

99. W. C. Bentley‘gt al., paper P/809 "Proceedings of the Geneva Conference,
Peaceful Uses of Atomic Energy,” August 1955, United'Nstions. :
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11.4 DISTRIBUTION OF MASS IN FISSION o -

11.54h.1 EEEEQQEE&ESE' The techniques of radiochemistry led to the dis- -
covery of nucléar fission and have contributed greatly to an elucidation-bf'the
main features of the fission reaction.  One of the most characteristic features
of fission is the asymmetric division of the fissioning nucleus and our most
complete knowledge of the mass division has come from radiochemical research.
HAHN and his co-workers working in Germeny during World War II continued the
initial studies of HAHN and STRASSMANNlOO’lOl

At the same time radiochemists working in the United States and Canada were

on the fission product.elements.

making an exhaustive study of these same products._ The first goai,of this work
was to idéntify the atomic number, mass number, the half life, and the main
. features of .the radibactive'decay schemes of the individual fission productsf
A second goal was to measure quantitatively the yields of the individual fission
product chains and, where possible,‘the ind ependent yield of the individual
fission product isotopes. A( |
The first work on fission yield and the introduction of the concept of
fission yield was due to FERMIloz and his co-workers at Columbia. .
The determination of the fission-yield df a specific species consists of
a number of steps. _
(1) A measured amount of non-radibaétive carrier material of a given
fission product element is added to a solution 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 radiocactive iéotopes of the
element. For most elements this consists merely of stirring the solution. For
some elements the exchénge is incomplete and experimental conditions have been investigate
to determine the cqnditions under which isotopic exchange 1s complete. Todine,
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. .

100. Hahn and Strassmann, Naturwissen. 27, 11 (1939).
101. Hahn and Strassmann, Naturwissen. 27, 529 (1939).
102. Anderson, Fermi, and Grosse, Phys. Rev. 59, 52 (1941).
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(3):The;solution is subjected to an analytical prdcedure to separate
the element from the solution in a state of chemical and radiochemical purity.
(4) The fractional recovery of the inert carrier is determined by some

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

.assumed eqpal to that for the inert carrier material.

(5) The radiations df the purifiéd 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 etec. Corréction is made for radioactive 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 formatioh of a measufed
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
experimentally determined yield is the cumuiative yield of the specific isotope
including any precursers which have ﬁndergone decay to.thé specific isotope
before-the.chemical isolation occurred. . |
_ The extensive American war-time studies b& the workers in the Plutonium
Project are recorded in Volume 9 of the Plutonium Project Record.lo3 In this
three-book set of research papers the chemical methods, decay scheme studies,
counting techniqpés,;and fission yieldsvére summarized. - The fission .of U.235J
U?33,~Pu239, and,U238 are treated. Similar studies were reported by Grummitt
andvWilkinsonth from the Canadian project. '

-Since-l9h6 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 schemesffor the
fission product nuclides. :Chemical purification techniques and absolute count-

ing also have gfeatly improved; Furthermore for certain elements the application

- 103. ,RadiochemicalﬂStudies: The-FissionuProducté, 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.

10k. -W. E. Grummitt and G. Wilkinson, Nature 161, 520 (1948).
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of mass spectrographic techniques have made it possible to measure the yield of

- stable and long-lived isotopes with increased accuracy.

11.4.2 Summ ry of F of. FlSSlon.Xlelds in Slow Neutron FlSSlOn. -Several

critical summaries of flSSlOn yield studles have been prepared 105 lO8 We ) .

reproduce here some tables and curves which summarize the data.

Table 11.9 is a summary of fission yields and fission chains for slow

235

as determined by radiometric and mass spectrometric

107

neutron fission of U
methods. This table was compiled by Dr. Seymour Katcoff and'represents a
comprehensive review of all data published by 1958. These same chains appear
in the fission of other nuclei but with different yields. than those glven for
y35. ‘

In the beginning, most data were accumulated by the radlochemlcal
method but later the mass spee,romecrlc method was used for most of the main
products. Some of the mass-spectrometric measurements of the flSSlon-produced
isotopes of strontium, zirconium, molybdenum, cerium, barium cesium, and N
neodymium were mdde on an absolute basis by the isotope dilution technlque 109
For ruthenium the number of atoms of 1 year Rulo6 was determined by absolute )
beta counting since a suitable isotopic tracer was not avallable for isotopic j

dilution. The isotopic abundances. of RulOl, Ruloz, nd RulolL were_determlned

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

165. J. 0. Bliomeke, Nuclear Properties of U 235 Fission:Products,. Oak Ridge
National Laboratory Report ORNL- 1783, Nov. 1955; see also J. 0. Blomeke -
“and M. F. Todd, ORNL-2127, Aug. 1957.

106. E. P. Steinberg and L. E. Glendenin, Survey of Radiochemical Studies of
) the Fission -Process, Paper No. P/6lh "Proceedings of the International
Conference on the Peaceful Uses of Atomic Energy," Volume 7, United
Nations, New York, 1956.

107. S. Katcoff, Handbook of Nuclear Englneerlng, Addlson—Wesley (1957); see €
also Nucleonlcs L, 78 (1958). . ' e

108. H. R. Fickel and R. H. Tomlinson, Can. J. Phys. 37, 916-936 (1959). v

109. Glendenin,. Steinberg, Flvnn Hayden, and Inghram' unpublished work " )
quoted by Glendenin and Sbelnberg in reference 106. .
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Table 11. 9
Decay chains and yields from thermal-neutron fission of U
Prepared by Dr. S. Katcoff from data available to 1958,

235

it =~ Underlined numbers give experimental fission yields. Last
fission yield a10ng any chain usually represents total chain yield. Lower values

for yields of earlier chain members may be caused by (1) direct formation in

fission of later chain members, (2) chain branching, (3) experimental uncertainty.
Latter accounts for cases where early chain member has higher yield than later
one. ‘Where branching occurs, arrows are shown only for decay modes observed
exper1mentally, fraction in each branch is given where known. Parentheses
indicate nuclide probably occurs but has not been observed References. for

flS sion yields are cited following chains. :

References

1. C.D. Coryell, N. Sug’armén, eéitors "Radiochemical Studies: The Fis-
sion Products, '" National Nuclear Energy Series IV- 9 (McGraw-Hill Book
Co., New York, 1951)

2. J.M. Siegal, L. E. Glendenin, ref. i, p. 549 |

3. E.P. Steinberg, Eng"“e"’Ikemelr ref, 1, p. 566

4. N. Sugarman, Phys. Rev. 89, 570 (195 3)

5. J.G. Cuninghame, Phil. Mag. 44, 900 (1953)

6. L. E. Glendenin, ref. 1, p. 596 N

7. L. E. Glendenin, ref. 1, editors' note, p. "5‘;91

8. J. R, Arnold, N. Sugérman J. Chem. Phys. 15, 703 (1947)

9. J. A, Petruska, H. G. Thode, R. H. Tomlinson, Can. J. Phys 33,
696 (1955) ,

10. A. T. Blades, H. G. Thode, Z. Naturforschg. 10a, 838 (1955)

11. A. T. Blades, W. H. Fleming, H. G. Thode, Can. J. Chem. 34, 233
(1956) . -

12, J. E. Sattizahn, M. Kahn, J. D. Knlght Bull. Am. Phys. Soc., Ser. II, -
2, 197 (1957) :

13. L. E. Glendenin et al., quoted by E. Steinberg and L. E. Glendenin
et al. in "Proceedings of the International Conference on the Peaceful
Usés of Atomic Energy,'" Geneva, Vol. 7, p. 3 (Unlted Nations, New
York, 1956)



14.

15.
16.
17.
18. .
19.
20.

21.

22.
23.
24.
25.
26.

27,

28.
29.
30,

31,
32.
33,
34,
35,

36.

£ = U

-115- |  UCRL-9036

A. C. Wahl, private communication (October, 1956). Measured fractional
cumulative yields of short-lived rare gases. These values were multi-
plied by the relevant total chain yields to obtaln ‘the re spectlve rare gas
fission yields.

A.F. S'tehney,. N. Sugarman,. Phys. Rev. ﬁ, 194 (1953)

G. W Reed A, Turkevich, Phys. Rev. 92 1473('1953)

'A. P. Baerg, R. M. Bartholomew, Can. J Chem. 35, 980 (1957)

W. Reed, Phys., Rev. _C_)_§_, 1327 (1955)
. E. ‘Grummitt, G. M. Miltorvl,’J. Inorg. and Nucl. Chem. E, 9.3(1957)
. Ho”agland,_s.v Katcoff, ref. 1, p. 660

R. Dillard et al., ref. 1, p. 692

QO 0B = 0
K

D: Coryéll;‘_g_j:‘_a_i_. , Phys. Rev. 77 755 (1950)

=

,Terrellf_‘g al., Phys. Rev. 92, 1091 (1953)
Wiles, C. Coryell, Phys. Rev. 96, 696 (1954)
. H.,. Hardwick, Phys._ Rev. _9__2_, 1072 {1953)

H Sullivan et al., ref. 1, p. 808

C. D. Coryell, J. W. Winchester, Progress Report, Laboratory for
Nuclear Science, MIT (August 31, 1955)

D. W. Engelkemeir et 2l., ref. 1, p. 1372

J. A, Seiler, ref. 1, p. 860 | »

A. Wahl, N. Bonner, Phys. Rev. 85, 570{1952)
. P. Metcalf, ref, 1, p. 905

. P. Steinberg, i‘ef_l_, editors' note, p. 913

. "A. Seiler, ref. 1, p. 910

R

E

G. R. Leader, ref. _l, p. 919

J .
C. W. Stanley, L. E. Glendenin, ref. l,p 947
G. R. ‘

. R. Leader, W. H Sullivan, ref. 1, p. 934

Iz



»

37.
38,
39.
40.
41.
42.
43,
44,
45,
46,
417.
48,
- 49.
,50"

51,

52,
53.
54,
55,
56.
57.

58.

-116- o : UCRL-9036
A. C. Pappas, Technical Report No. 63, Lab for Nuclear Sc1ence,
Massachusetts Institute of Technology (Sept., 1953) :
L. E. Glendenin, ref. 1, edltors note; p. 979
C. Purkayastha, G. R. Martin, Can. J. Chem. 34, 293 (1956)

C. Pappas; D. R. Wlles J. Inorg and Nucl. Chem. 2, 69 (1956)

PP oW

M. Bartholomew et al., Can. J. Chem. 31, 120 (1_953)

S. Katcoff, W. Rubinson, Phys. Rev. 91, 1458 (1953)

L. Yaffe et al., Can. J. Chem. 31, 48 {1953)

A. C. Wahl, Phys. Rev. 99, 730 (1955)

L. E. Glendenin, R P, Metcvalf,' ref. 1, p. 992

S. Katcoff et al., ref 1, p. 1005

F. Brown, L. Yaffe, Can. J. Chem. 31, 242 (1953)

C.. W. Stanley, S. Katcoff_ J Che“l Phys 17, 653’(‘1949)

F. Brown, J. Inorg. and Nucl. Ch_em., 1, 248(1955) ‘ |
R. M. Bartholomew, A. P. Baerg, Can. J. Chem 34, 201 (1956)

Value 6.44 is average of 6. 33 and 6. 56 from refs. 9 and 13, respectively.

It is assumed that these mass-spectrometric measurements on Ce are

also accyrate measure of Bal40 yvield since independent yields of Lal40
and Ce are very small (ref. 19). Many fission yields have been deter-
mined relative to Ba1 ; these are now normalized to Zleld of 6. 44 for
latter. Absolute radlocheml_cal meéasurements of Bal40, ref, 16 and 52,

give 6. 32.

L. Yaffe et al., Can. J. Chem. 32, 1017 (1954)

W. H. Burgus, N. E. Ballouy, ref. 1, p. 1184

G. P. Ford, C. W. Stanley, AECD-3551 (1953)

S. Katcoff, B. Finkle, N. Sugarman, ref. 1, p. 1167

J. A. Marinsky, L«-V E. Glendinin, ref. 1, p. 1229 and p. 1254
H. G. Petrow, G. Rocco,. Phys. Rev. _‘_)_é, 1614 (1954)

L. Winsberg, ref. 1, p. 1284



-1

i7-

Winsberg, ref. 1, p. 1302 and p. 1311

UCRL-9036

0.14

59. L.
60. L. Winsberg, ref. 1, p. 1292
61. E. C. Freiling et al., Phys. Rev. 96, 102 (1954)
62. Y. Y. Chu, UCRL-8926 (1959) unpublished.
72  49-h zZn'? 14.1-h Ga '? _stable Ge % (1, 2)
1.6 x 10°° ‘
73.  (<2-m Zn'%) —»  5.0-h Ga'> stable Ge > (2)
1.1x 104 ;
0
54-s Ge77m °.78
77. | lo, 22 38, 7-h As ' | stable Se '’ (3, 4)
| Voo 0.0083 |
12-h Ge — —
0..0031;
78,  86-m Ge'® _»  9l-m As'S stable Se O (3, 4)
| 0. 019 0.021 - |
"3, 89-m Se79m_
79.  9.0-mAs’? l (5)
0.056 '
-6 X 104-y Se79 stable B'r79
56. 6-m Se81rn
0.0084 o1
81. stable Br (6)
17. 6-m S'e81



UCRL-9036

-118- -

(s16)

(11-6)

:ﬂ: m,v

(21-6)

:_Tt

s X

UoIINIU 4

I3 °219®els
gg ™ °Td
30 °Z
I aTgels
gg ™3 219®
mwN.o_
19 Ko -
| 5 Y
0€ T o
- 2719°%e3s °
| ggd¥ PTa®Is $22°0
n.\ﬂ.Q. I y-% -
weg ™ UV Y
L 1 06°0
I ur~-Q °
o ey B IE

I @1qe3s
v8 ﬂ/ 610 °0

P95 0
I3 °qe3s

| 150
L
B L

I3 W-HI] &« ,

€8

< 58S e e

\ 22°0

- ?dq wx-

. g .W\7 va
- o1°0> _ .

7 v

Q.Q °2g s-g9

- weg.



(6T°QT LT FTIECT)
¥8°¢
I7 °91qe3s

UCRL-9036

16

LL'S

17 °1qes €— | X U-€°%9 Allo%m> 87 ¢o%m8 L2 T RN

LLG

06
’ (6T°ST FI°CTI6)

119~

Nr a1q®es}s

am
6
g 6L %

15 p-1g é—
H%ow

E 9T’ iv
gk 579

LS ¢
(€T6) gq 'S Ta®Is &—

(g0 WY ST AI.%Q w-7 ¢ /

1M s-0T ‘T6

0°9

uUoIINOU + g5y 06
owhvm w-7 - mﬁ

. ‘ 6S ¥

_ ag s-g'y 68
uoxjinau 4 \ 68 .
I Y-8 °2 .

88

[ S' o ’ o .
gg 1y W8 t mn_lwwpv: A &v/

g s-G'GT  '88

uoInou + W\

I3[ wWi-
bwvw 8L



UCRL-9036

-120-

. 8L°G .
. 21g®els S T . .
(€1) w%z 1qe3 : | | ,
. ., LN e
Ao /Q.V
..ANN 91°¢T) , O 219®3s % \3 Z 9-0
Enng $-09
€69
(€T) ommN o1q®e3s
_\moﬂz.n G AA ,
. o L7 @ A 0 79
(z2 m.C cON °lqes A cg¥Z P59
Q
- §o
Emmaz 4-06
y 079 v g . |
2T g2 PTA%0 g (X W 91 C 3§ wrnze < (QU 320US) oo a3 8oy T

AN P1amE

B G
Na
SV 8
IXT

Ud

(€1) % moN?o ﬁT wgmoﬂml HmENA..SmﬁoﬁvT GAs-0T

: Q
Lo, 56
wrg (N 479~ ©
o . €09 , €'¢ - L L8°1
(0z‘vr'sT) N%N a1qels T (X 9 E Al Sy-L-° Tmmnm s-0g TN%M s-0°¢
PR ® oo .

‘86

L6

G6

e

€6

‘76



UCRL-9036

-121-

o
x . » ‘
Pd °19®is &—_ __Y¥ Y-¢ 'G¢ 60
«H mo.ﬂ hNO.—.. - y,o° . : U 8 ||..||| V
(92°%2) o ™ \mo q-c¥ % mimoﬁﬁ 01 - moozﬁ Z>) "GoT
weordd $78€
rE; A
n ° B *
_Amc S B portd PTams & o w 2?«202 w-g 7>) $0T
copT¥ °Ta®ls _%9 | ‘
Q ——
| _ N 0°¢
(c7) . cor™ ¥ PTL6E T SRS 0T
g o TE WLS
o oI s-G _ -
o Ty k7 Ot N =
¢ nyy 21ge1s : - :
(FZ°c1) sor g °1a®3s N 200N WS T 201
N o wi-] «R
20T :
: 0°§ 9°G~
¢ ny afqgels 27 wI~ -Q .
TR R RTRIS 0T W P & 0N W9 “HT 101
0€ "9
e1) 0o N 219®3s - 00T
27 A- XT1°
66T mS 1°2 _/mv _
(€2°01) NN T, ,
€791 ny arqels o - wr- . - .
9 66 19 66T UT99 To%z ¢ Tomhwmom 66
| K0



IS

UCRL-9036

010 ‘0 :
‘ : \ g ;
(62°87) - PO 2Taws ¢N: V U-¥1 m¢~:@m Y-0 12 - 21
610°0
PD dIqeis & BV P ,:T EEMN
_ 11T o At _
(82) 2\ [ 3x0Ys) I
m . Q./ .H
, o . \ m<m§ umgmmxo : , o
I Iyt T _
1
N
« . 5 A
T VvV 219%e3s
. o 601 \_/ . 05070 |
82) | k\oo%m - ¢l : | 601
w K’ '
wgept V 872 6E

/

mdw ,.
woﬁvnﬁ ﬁna AI|| é s- wamlmoH.DM w-y 'y TAonoH wr- AVV 80T

| 610
(Lz) m< o1qess ? ofPd £-g0T% L T yyg w-zzg Ny w-g 'y TA DL w- ﬁvv "L0T
L0T 9 LTS\ T Lon
wry ot S” o
(52°€T) - od e _ g s
. a21qels s- :
gorPd | 9%l Allﬂ::%m 0 Alooﬂsm -10 1 | 90t



1S srqeis &—  _uf w-qy PO w-qg -

| LTI LI | / o
_:2 ,_ \ﬁ, / ;/ "09°0<| Bw,«ﬁ,-ﬁ.ﬁ

T10°0
%S P¥1 ﬁm.wlsczﬁ q-2 A.:..o.v. EE@U 4-0°¢

. UCRL-9036

) s Sv w-g -
o .38 oV WS T

-

26000 160 L200°0

.m_zﬁ £- 51019 P2 €S T w<E 12

-123-

O U-TS'% vUv@ w<m 02~

Emz - uIg

vU s[qeis &<— wd«m mT vnms 1 A4

PTI | PIT 21
3 e -
e v ¢ msﬂ
4 _ .
P2 azﬁm\/ \_; P ST

8v w-7
wey ¥ el !

83, ‘ m:cm o21qe3s - % mﬂum s-G¥
Lo , 2000 °0 F\._ -

LTt

911

- QTI

4t

et



UCRL-9036

-12k-

(8€°L€°82)

(9¢ -%¢)

A_mm )

(z¢)

L2 e

u O,,N m :
o11S S,u AI

)
171 L Yy-¢'6 .

&, __
.\ ) €T

I °1q®1s 86°0

u
st T 6’0, \mﬁmﬂ:om Nﬁmgi
s_,,.o/ , S€0°0 Lav _ .
] .
—tad mE
_ . .60°0 T
2] ] els “ a wI-
gz0 L °14® Alloﬁmno 9378 W05
€10°0
o.H. mzmum 71 ug p-9°6
\ﬁ/ \mmﬁ i _/
P-Q @ wi-
wgzp®L P86 Am,: S w-g* 3
€100 "0
_\ 7S P9€T
k] e -
¢ 7118 °TaEIs _/
AMNH S w-0¥%)
§10 "0
12138 21aess A.IE SY-g22

uy ua- -
it m:T PO 2

L2t

921

6?1

21

611



" UCRL-9036

| —125’—

: , T o e
RS A ¢ - .v ‘5
FFLE ﬂ_ym_m%_x orqess T.Nm s 0£°2 T I U-LL ¢N2 qs w-1'7 A.INﬂzm w-7°7
k6. o T
=} 2 S : - 2 E
€t X °19%) ﬁ R ,_ 5& 2 Z@.o
o Te- _\ 97 _
: ) wi- ugQ w-
:% Q ‘0F L€ ‘8Z°TT) \ Hmm P-G0'8 e IS W A.I§ S ¥ €
Q_/ ! 350
0 \/
i) Dv . =]
Eﬁxwﬁ Eﬁﬂegom
. _ L o - oz
’ . - 9T °© rls I~
low) o ggf e & 88 w00 ﬁoﬂ w-9°7
PH. wr- ﬁ
6¢ ¢ 99X 91q®e1s & X _ _
(6gLe) czpo X P1ase oﬁH | »& L ﬁ oﬁms 9%
| LT |
Emﬁ oL P-L¢
_ o 1€ °0
(L2) . o1, o19®1s €— __qg wi-¢ ] {— _ug w-,g

871 871 871

CCET

TeT

"0€T

621

821



eg 21q%®]S
Emﬂ N

£ (6%°6) \ LoD £-62 ?S%N w-6°g _/
os 8-
Tm cﬂwmmmm weLse . . \.mm m‘ ¢..N _
MKU uoIinsu + \| ,
5 geP X 21aEIs
, 9% 9 Te
(8¥‘mr) ge1°X 21q°Is — gerl 5798
. _ , : )
, XU-276
Ly-s¥ 2 Le6) o _\ ST -
1 : ' o ¢ £- ¥ . o , a.o Al .
\O - : , . I-) " 2 w-c 0>
] g8 P1a®s < 8D 4-01x 977 mmm 4179 &l PL W=670>)
. .
o oI~

.0
| Emﬂx €T

908 69 3
¢ ‘1) - OX 91qels & w-g*
(FPcvLe‘Tn) | pet X °19%3 T« m 8 m 7S ¢¢2 I Ww-$¥ ¢.A¢2 S 8°0)
. .29°9
9X 'P-22°S

cefD Praes el :-w.ow 'y

. 7S |
. 2 RV :
Emmevmw : Emﬂhﬁmo

- €eT ) | m_ﬂmeﬁm
| & v o N & _A o
(FPep‘2c6) : : : mﬂ S wi-

‘LET

9¢1

6T

"PET

eeT



L9°g  0'9.

UCRL-9036

.27_

[ £ kﬁl b P - . .
(Z9°¢1°6) 51PN ﬁS X g ? pppid WRLT 8D Po68? Al
(29°65 FT°CT 6)
86°G L's 160 '0
- e I~ > S J0USs 2 S~ *
mwﬁvzoﬂnmum¢m¢ﬁmv Nﬂﬁu a@m¢m$q M:AIAm 6 0>) & (5D 3 gvmimix T ¢¥l
G6°G A _ ,
ok =) 219%®e1s e - ' W~ . , .
(29°¢c16) 25700 °1d9® A.INE T Gl Tmﬁ g w-9 rddl
(Pscg21'%T) e _
0 9~ ¢ ¥ 9 €9 ¥e T :
by 2 rls 3 - S I0Us O S - * '
_::m S.p¢ 570 PE€ :ch:mﬁim wﬁmlu“ H:ml X $-LT 9
1 ¢ ¢ ¢ ¢ :
v (29°261S°9T°%1) . —_—
- (¥79) (3%°9)
v¥ "9 €9 4 8¢

oprS2 °ldess Al mq,a Z 0% ?8:3 P-8 71 Toimo s-99 T H°X S79T 0¥l

66 9 . | §°¢g

‘O1°¢ '] 91q®]ls eg w- g - Al -) ° :

(L1°9T°%1) 651 T 219%} Anl.omH d ww Alog D w-g mAllomHmN S-1% omﬁH s=2 N . 6¢1
¥L°G . :
eg 91q®els Al sNH w-7 ° T - '
3¢T d °19%®) 8¢t D Z'2¢ memN wi-)1

06°¢T -9 ’
(05°€T) > gegd W8S . 8¢1

. uoIInaou +
oY w-4 °
\.mﬁ.x 6°¢



 UCRL-9036

-128-

LLO O
¢ - I 2 els
AG 3, | HGT S °1q%®3
o _ 610
¢ ¢ n D rls jo s
(29°L5'82) , mﬁm 9% Tmmﬂ SY-LY
. - g8z 0
€ I 0 .N m
(29°6) - S'o1q¢}
B _mwwo
€ - 5T o1gEe1S wI=
(z96) e °1a® TSH s £-08 Alm: d u-§'L2 Al (PN w-eTd
: L9 °0
I ¢ . . o BlS
(29°¢c1°6) - | | om%z 19%3
€11
¢ ¢ wIQ arqgels ur,
A,No 95°6) S P $ pfad u- E¢§$w2n 0°2)
(20cr) 0L°'T
N@. €1°6) 4 wﬂ@z a1qe)s
. 5 8¢ 7 L7~
(29°95°6) U ﬁt& d £-69'7 &, PN P-TTU
A V , L0 ¢ &u S
N [3 € , 2 - * )
_ 9°CT’6 | : 91PN °Ta®Is &= ad wi-p: ¢N¢| PO W-67¢l
G6°¢

1 (29°€T°6) o . muE@Z 2[qe3s ¢ I YrGé G &— HoU w-( ‘¢

SPT < ¥

s

ST

eal

26T

TSt

‘04T

g 348

8¥%1

Ly

9%1

a¥l



UCRL-9036

-129-

(66°25°87)

(z9°65°89)

- ¢-01%9°L

31q%e3s .?._.Hﬁmrh ﬂuu.m_,okmulfﬁvo w-9°¢)
L0100 0
o1q®Ss ?omavw 4-0 81
2000
a1q®ls TmezH w-09 - .
_ 8,00 °0
) °91qe3s Thmﬁﬂrﬂr ¥4l
$10 °0 - €10 0
P1q®IS & A Pry7ST <y WIS U= 0T~
€0 "0~ €€0 0

orqe3s &— e A-6"1 Almﬁﬁm w-§7

91

66T

R

LGT

961

661



UCRL-9036

-130-
produced krypton, kenon, and cesium (references 110, 111 and 112) were normalized
' to the data of reference 109.

These mass abundances were converted to fission yields by imposing the
criterion that the sum.of all yields be 200 percent as expected theoretically
for binary fission. Radiochemical data for mass numbers not determined mass
spectrometrically were used as an aid in the summation. . In general, the U235
fission yields of Tabler 11}9 which are based on radioactivity measurements are
considered reliable to 10 to 20 percent although the uncertainty 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 w1sh to descrlbe only the broad features of the mass yield curves:

‘ Detailed literature references to the ylelds of the products of the
fission of Pu239 can be found in KATCOFF' 8107 1958 review. Much of the earlier
data has been superceded by later work. We quote here from a particularly com-
prehensive study of FICKELand.TOMLINSONlO8 who used a mass.spectrograph to
measure relative yields'of the isotopes of 6 elements in the light and 5 element s
in the heavy group. In addition, they measured the absolute yield of one
isotope of each element by the isotope dilution method. By combining these
results they derived absolute yields for 36 mass. chains. These results replace
the earlier data of WILES, PETRUSKA and TOMLINSON113 from the same laboratory.

Table 11.10 is a summary table prepared by FICKEL and TOMLINSON. ;108 Itvincludes

the results of NRITZE, McMULLEN and THODE''" and of FLEMING and THODE =~ -

110. H. G. Thode, Nucleonics (No. 3) 3, 14 (1948).

111. J. Koch, et al., Phys. Rev. 76, 279 (1949).

112. D. R. Wiles, et al., Can. J. Phys. 31, 419 (1953).

113. D. M. Wiles, J. A. Petruska and R. H ‘Tomlinson, Can. J. Chem. 34, 227 (1956)
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Fig. 11.35. Yield-mass curve for fission of U235 induced by

slow neutrons. Curves plotted from "Best"
from literature by S. Katcoff.

values taken



UCRL-9036

| -132-
o :‘vTable 11.10 _
Cumulative Yields in the Slow Neutron Fission of Pu239 
‘Isotopic 'isofopic . ' Isotopic ‘
Mass % yield Mass % yield Mass % yield
B | Part 1. The Light Group N
72-82 0.59% 7o whs5  RuO® 4,53
'Kr83 0.29 Mo95(Zr95) k.99 107 3.40%
grSH ok ~Zr96 - 5.13 - 108 "z.uu*
.Rb85(Kr85) 0.535 . Mo”1 5.61 109 1.50%%
RO 0.75 w® 5.8 110 ©0.76%
87 0.912 99 6. Ll 111 0.7
508 1.43 | Mot 7.05 12 0,10%
529 1.7 RutOt 5.86 113 0.080%
5r2° 2.16 RutOZ . 5.9% 114 0. 060%
gt 2.60  RuO3 5.63 115 0.041%
zr?? 3.12 _Rulo.LL  5.88 116-118  0.122%
7073 3.94 105 - 5.50% Total % yield 100.13
' Part 2. The Heavy Group
Atomic No. % yield - Atomic No. - = % yield . Atomic No. % yield
118-130 5. 70% 1540 5.58 150 1.02
131 3.77 1k 5.23% 151 0.802
132 5.26 b2 4.97 152 0.616
133 6.90 © 143 4.56 153 0.45%
13h 7.46 14 : 3.84 154 0.293
135 7.25 - 145 3.12 155 0.17%
136 - 6.62 146 2.57 156 0.08%
137 6.48 7 1.99 159 0.02%%
138 6.31 o118 LN 161 0.00L1%*
139 5.99% S 1k49 1.30 166 -7x10'5**

Total % yield 100

Table prepared by FICKEL and TOMLINSON.lO8

All values are based on mass spectrometric values except those marked.
* interpolated values v

-¥¥radiochemical yields.
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who ‘determined absolute yields of the isotopes of krypton and xenon. A few
yields ‘for the very heavy rare earth prcducts have been added to -the table from
the radioehemicalvresults of BUNNEY and co—workers.ll6 Figure 11.36 is plotted
from-the data of Tablevil.lo. A number of Russian workers have also contributed

€39 fission yields.ll7—119'

233

to the determination of Pu

Fission yield data for U are summarized in Table 11.11. In con-

structing this table we started with the 1955 summary of STEINBERG and

‘GLENDFNIthC and added to it data which have been published more. recently.

119

The Russian work summarlzed in a 1958 Geneva Conference report gave two sets

of data for U 233, We chose the set measured by the "integral' mass-spectrographic

method. A fission yield curve for U233 is plotted in Fig. 11.37.

11k, K: Fritze, C. G. McMullen and H. G. Thode, Paper P/187, p. 436, Volume 15
Proceedlngs of the Second U.N. Conference on the Peaceful Uses of Atomlc
Energy, Geneva 1958,

115. W. H. Flemlng and H. G. Thode, Can. J. Chem. 34, 193 (1956).

116. R. Bunney, E. M. Scadden, J. 0. Abriam and N. E. Ballou, Paper P/6MM
p. 4hh, Volume 15, Proceedlngs of the Second U N. Conference on the
Peaceful Uses of Atomic Energy, Geneva, 1958.

117. L. M. Krizhanskii and A. N. Murin, Soviet Journal of Atomlc Energy (1n
English translation) 4, 95 (1958).

118. "L. M. Krizhanskii, Ya. Malyi, A. N. Murin and B. K. Preobrazhenskii,
’ Soviet Journal of Atomic Energy 2, 33k (1957). :

119. M. P. Anikina et al., Paper P/ZO 0, p. 4h6, Volume 15, Proceedings of the
Second U.N. Conference on the Peaceful Uses of Atomic Energy, Geneva, 1958.



-134- : . UCRL-9036

lo I 1 1 ] T T T 1 T T 1 ]
1= ]
&
o
2 ol -
> - ]
< i ]
L .
(7]
(/]
w ] ]
OOI_— =
0.00I j ] ] i | | ! L 1 {1
70 90 110 130 "~ 150 170 -
Mass number '
MU-19395
Fig. 11.36. The mass yield curve for the fission of Pu 39

induced by slow neutrons. ‘Curve plotted from table of Fickel
and Tomlinson, reference 108.. '



-135- UCRL-903 6

to I i T i I T T
I+ ]
8 i ]
z
2
> Olf 3
[ - ]
2 . ]
[ o .
R4 L ]
u -
001 -
i o Mass speétromefric ]
| ) o Radiometric 4
0.001 L 8 ! 1 | 1 1 1 i 1
) 70 90 Hle} 130 150 170
Mass number MU - 19396
- Fig. 11.37. Yield-mass curve for fission of U233 induced by

slow neutrons.



_ UCRL-9036

~-136~
| Table 11.11 -
:.Cumulatixyre_Yield,s in the Slow Néuti'on_,_F_ission of. UP33
| - i 0233

‘Fission . Mass - Mass ‘ _
product - number Radiometric dpectrometric
49.0-hr Zn 72 |

5.0-hr Ga T3
12-hr Ge e 0.010(8)
38-hr As W 0.019(a
' 2.h4-hr Br - 83 ,0.79(3)

' Stable Kr - 83 : 1.14(P)
Stable Kr 8l 1.90(®)
10.27-yr Kr 85 0.562(b)
.Stable Kr 86 N 3,;8(b)
'53-d Sr 89 6.5(2)5 go(e) |
28-yr Sr 90 o
9.7-yr Sr , 9]_ 5.61(6)

61-d Y 91 :

Stable Zr 91 6.53(0)
:Stable Zr 92 6. 70(_(:)
1.1x10%yr 7r 93 7.10(C)
Stable Zr ok 6.82(°)
63-d Zr 95 5-9(a)

‘Stable Mo 95 6.10(0)
Stable Zr 96 5.60(0)
17.0-hr Zr. 97 '
‘Stable Mo 97 5.35(0)

~Stable Mo 98 | 5'18(0)

67-Br Mo 99 5.(2)

‘Stable Mo 100 u.#o(c)
Stable Ru ‘101 3.oo<c)
.Stable Ru 102 . 2.34(°)
39.8-4 Ru 103 1.6(8) !
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Table 11.11 (coﬁt'd.)

— CEE
Fission - Mass , Mass
product - number Radiometric spectrometric
Stable Ru - 04 - | . : 0.96'¢)
36.5-hr Rh 105
1.0-yr Ru 106 0.28(8)
13.6-hr P4 109" - 0.ou0(8)
7.6-d Ag 111 0.025'8)
21-hr P4 112  o.006®)
x3-aca “115m 1073
53-hr Cd 115 0.198)
Total Chain 115 0.020(8)
27.5-hr Sn 121 0.018(8)
9.4-d Sn | 125 0.050(?)
93-hr Sb 127 _
8.1-d4 I 131 2. 7(2)

~ Stable Xe 131 3.ho(b)
. 77.7-hr Te 132

Stable Xe o © 132 - . _ ”'6u(b)v
20.8-hr I 133
Stable Cs | _ 133 . ' 5.62(b)5.6(f)(5r5
Stable Xe B 13k | o 5.95(5) |
6.68-hr I 135 5.1(2)
3.OXlO6-yr Cs 135 >%au9(b)
9.2-hr Xe , 135 , 6.0 (f)
86-sec I | 136 | l.'?(d)
Stable Xe ' - 136 - <8.06(b>
33-yr Cs 137 ' | 6.51(b) 6.]16(”)
Stable La 139 : 5.91\8
86-min Ba | 139 5.59.¢)
12.8-d Ba 140 - 6.008)
Stable Ce o 140 R

Stable Pr 11 - 5,57(g)
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Table 11.11 (cont'd.) |
- o | | 7233

Fission o 4 Mass . Mass
product " number Radiometric spectrometric
3.8-hr La 1 o sagle) '
Stable Ce 1k 6.068)

'~ Stable Nd o 143 5.19(g)6 us(f)
282 4 Ce ST y.1(a)
Stable Nd 1k 3.8u(g)
Stable Nd : 1145 2.88(8)
Stable Nd 146 2. 21(8)
2.6 yr Pm 147 1.53(8)5 1 (%)
‘Stable Nd& 148 1,07(g) |
Stable Sm 149 0.70(8)0.8(%)
Stable N | 150 0.49(g) |
80 yr Sm 151 0.3 (g)o 3( £)
‘Stable Sm 152 o.21(3)
Stable Eu 153 | | 0.13(8)
47 hr Sm 153 0.95(2) ool

(a) Steinverg, B. P., Seiler, J. A., Goldstein, A., Dudley, A., Fission Yields
in U233, MDDC-1632 (1948); yields revised by.Steinberg in 195k.

(b) ‘Fleming, W., Tomlinson, R. H. and Thode, H. G., The Fission Yields of the.
Stable and Long-Lived Isotopes of Xenon, Cesium, and Krypton in Neutron
Fission of UZ33, Can. J. Phys. 32, 522 (195k4); relative yield normalized
to radiometric data of ref. (a).

(c),Steinberg,.E. P., Glendenin, L. E., Inghram, M. G. and Hayden, R. J.,
;Fine Structure in U233 Fission, Phys Rev. 95, 867 (l95h), relative yleld
normalized to radiometric data of ref. (a).

(d) Stanley; .C. W. and Katcoff, S., The Properties of 86-second I 36, J. Chem.

| Phys. 17, 653 (1949). |

(e) Bartholomew,. R. M., Martin, J. S., Baerg, A. P., Can. J.,Chem& 37, 660. (1959),
accurate radiochemical measurements of yields relative to Ba—™"- were con-
.verted to absolute yield by setting Bal™0 yield equal to 6.0.

(f)'Bldlnostl, D. R., Fickel, H. R. and Tomlinson, R. H., P/201, p. 459, Volume
15, ‘Proceedings of the Second U. N. Conference o the Peaceful Uses of
Atomic Energy, Geneva, 1958 ' :

(g) Anikina, M. P.; et al., Paper P/2040, Volume 15, Proceedings of the Second
U.N. Conferénce on the Peaceful Uses of Atomic Energy, Geneva, 1958.

~
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From an examination of the tables .and curves showing the mass yield
data for U235, Pu239 andvU233, it is a?parent at once that the heavy element
nucleus .does net split into two equal pieces. . The twe‘fragments bk a mass
ratio of 1.46 in the case of the mest probable mass split in U235. It is also

- clear at a glance that the fission process does not produce a unique pair of
fragments.: In any individual fission event it cannot be predicted which paif
of products will be formed; nuclides ranging in mass from 72 to 161 and in
atomic number from 30 to. &5 heve been identified among the fission products.

The preponderance of asymmetric fission compared to symmetrical fissiqn
is frequently expressed in terms of a peak-to-trough ratio defined as the ratio
of the fission yields'corresponding te the two maxima in the mass distribution.
and the fission yield at the minimum which occurs at the mass value corresponding
to a symmetric split. - The peak-to-trough ratio is greatest for spontaneous
fission, next greatest for fission with neutrons of selected resonance energy,
slightly lower for slow neutron. fission and markedly lower for fission induced
by high energy neutrons (Mev range). For fissioﬁ with high energy neutrons
(tens of Mev) and particularly for fission induced by charged particles symmetric
fission becomes much more probable and in some cases becomes pfedominant. This
is discussed fully in Chapter.12. The peak-to-trough ratio and certainﬂdfher
characteristics.of the mass distributions for various fissile nuclides are
tabulated in Table 11.12.

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 fissibning nucleus
because of the neutrons emitted by the fragments. The difference of the two
sums is the everage number of neutrons, V, emitted in fission. This quantity
can be»evaluated with much greater accuracy by direct measurement ef the
neutrons themselves as discussed in Section 11.7.

A pr1n01pal effect of the increase in mass of the f1ss1on1ng nucleus is-

tOscause.a shift in the light mass peak to higher values, the heavy mass peak re-
maining fixed. In some instances this rule has been taken as & guide in estimat-
ing the mass of the fissioning species in a complex reacting system. SWIATECKI
has shown from very general arguments based on the liquid drop'model why this
should be so. He has presented the correlation between asymmetry and the para-
meter Z /A given in Fig. 11. 38, a correlation which should be useful for
predictive purposes.

120. W. J. Swiatecki, Phys. Rev. 100, 936 (1955).

120
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.Table 11.12

;Compariéon of Mass Distributions
Most probable ‘Mass -Ratio of moét 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 light groups yields
232 ‘ , :
Th Fast neutron 92 139 1k 1.51 115
(fission spectrum) ' - .
,U233 'Slow neutron oL 138 1k ' ..1.47 ~U50
y?32 Slow neutron 95 139 15 1.46 650
U238 Fast neutron 98 139 16 1l.k2 200
. (fission spectrum) o
P32 Slow neutron 99 138 16 1.%0 150
Pt Spont. fission 103 136 16 1.32
cr??2  spont. fission 108 139 16 1.29 3600

This. table may be compared with Table 11.21 which lists fragment energies and

fragment mass ratios derived from fragment ionization and velocity measurements.
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ll.&}3 -Q&Qsed.Shell EffectS‘aﬁd«Fine Structuré injthg;MassJYield,Curve.
The early radioéhemical investigations indicafed,that the mass-yield curves were
rather smooth and fhere was no indication of fine structure "spikes" in the
double hﬁmﬁed distribution;'.Whenever a deviationvfrom the smooth curve was found,
further investigation usually revealed some error in the measurement.. Some
perturbations in the yield-mass cﬁrve,are expected as a result of delayed neutron
_emission.but such effects cannot be large7because only‘O.S percent .or less of

the neutrons are delayed.
The first work which established the existence of large deviations from

'

.2 smooth mass curve was the accurate mass spectrometric analysis measurements of

THODE and,cofworkerslzl_123

of the abundances of‘krypton and xenon isotopes pro-

duced in U235 fission. In particular,.the yield of Xel3h was about 35 percent
higher than had been expected. Radiometric determinatiorns by.STANLEY and
,KATCOFFlzu of the yield . of 1136 in the fission\of‘UZSS) U235, and-Pu239 also
established a majbr departure from the .smooth curve. '

.Since these isotopes lie close to the 82 neutron shéll-the explanation
of the éndmalous yields was soﬁght in specific sheli.effects; Shell structure
could-influence fission yieldé by'(l) specifying a preference in the fission act
itself for fragments with alclqsed shell of neutrons or protons or (2).by
causing additional boil-off of neutrons from fission fragments having one
neutron in excess of a closed shell. GLENDENINl25 proposed the second of these
two alterﬁatives to expléin_the anomaious yields in the 133 to 135 mass number
regioh.‘,This postulate of additioﬁal prbmpt:neutroq_emission (beyond the usual
number emitted from every fragment) would result in perturbations in fission
yields near closed shells since the loss in yield from a given chain 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_utiiizing‘the~primary
yields along fission chains as given by the charge distribution function (Fig.

ll.h6)vindicaﬁed,a fine structure pattern for the krypton and xenon isotopes and .

121. -H. G. Thode and R. L. Graham};Can. J. Research 254, 1 (l9h7);
122. MacNamara, Collins and Thode, Phys. Rev. 78, 129 (1950).

123. R. K. Wanless and H. G. Thode,ican. J. Phys. 33, 5&1.(1955).
124. C. W. Stanley and S. Katcoff, J. Chem. Phys. 17, 653 (1949).
'125. L. E. Glendenin, Phys. Rev. 75, 337 (1949).
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an abnormally low yield for 1136 in qualitative agreement with experimental
cbservations. | ' .
PAPPASlz6 extended the GLENDENIN hypothesis by arguing from.neutron bind-
ing energy systematics that prompt neutron emission should be extended to include
the third, fifih and perhaps sevénth neotron outside the closed shell. .This
post-fission, shell-influenced, neutron-boil-off effect‘runs into difficulty
however in explaining other fission yield data. A requirement of the hypothesis
is that any increase in yield of certaiﬁ mass numbers over that expected 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.
WILE8127’128, for example, found a high yield for Cs133’l35’137 and for other
products for which a low yield was expected on the basis of the GLENDENIN
hypothesis. | "
WILES

must be caused, at least in substantial amount, by the favoring of fission

127’128)suggested that the anomalous fine structure in fission

fragments with 82 neutrons in the fission act itself. According to WILES'
hypothes1s nuclides with 82 neutrons such as Sb133 13b 135, xel36, end

Cs 137 would be expected to have an increased 1ndependent yleld due to
selectivity in the primary fission act. Furthermore, due to thé high binding
energy of the last neutron the post-fission boil-off of neutrons would be low
for such species. An important consequence of this hypothesis is that the hlgh
yiéld of these species must be reflected in the complementary fragments in the
light mass region. Fission yield determinations in the mass region 99 to 101,
the region complementary to Tel3u, 1135, and Xel3§ should establish if such a
selectivity is involved in the fission act. GLENDENIN,,STEINBERG; THGHRAM, and
HESSJ“29 looked for this reflection peak among the isotopes of molybdenum and

zirconium and found abnormally high yields in the mass region 98 to 100.

126. C. Pappas, Laboratory for Nuclear. Sc1ence, M.I.T., Technical Report No.
( R .

eptember 1953)

127. D. R. Wiles, Thesis, McMaster University, Hamilton, Ontarlo, Canada
(September 1950).

128. Wiles, Smith, Horsley and Thode,Can. J. Phys. 31, 419 (1953).
129. Glendenin, Steinberg, Inghram, and Hess, Phys. Rev. 84, 860 (1951).

A.
oo
03
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Molybdenum-100 in particular was found to bé high by over 40 percenﬁ. There is
no réésonable basis for a preferential neutron boil-off effect for this mass
region so it is‘quite iikely‘that the high yields here are strictly a reflection
of high yields for the 82-neutron nuclides in:thelheavj fragment.

Further evidence for a shell preference in the fission .act comes from a
study of the velocity distributibn_ofvfission fragments. LEACHMAN,and-SCHMITTlso
measured the velocity distribution 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.

. 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,123 and by FLEMING, TOMLINSON
:and.THODE,l3l showed fine structure effects.in‘thé neutron-induced fission of
‘U235,
act has been proposed by WILES and.CORYELL
studies of 15 Mev deuteron induced fission ofU235 and”U238. The influence of

U238, and“U233. Preference for a 50-proton configuration in the fission

132 on the basis of radiometric

the 50 neutron or 50 proton shells is much harder to obgerve in yield studies
_than is the influence of the 82_neutron_shell,vbecause the nuclides which are
affected all lie in a mass region where the normél chain yields are changing -
rapidly Vith mass. - '

- The generally accepted conplusioﬁ,is.that the fine structure effetts in
the slow neutron fission of U235 are largely accounfed 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. PAPPASl26 hés giveh a
detailed analysis of the operation of both,effects in the case of slow neutron

fission of U235. _ ,
The fine structure effects have also been studied for the neutron-induced

fission of‘U233, U238, and Pu239, although not in as great detail.l33"l3h’l35

130. R. B. Leachman and H; W. Schmitt, Phys. Rev. 96, 1366 (195k4).
131. Fleming, Tomlinson, and Thode, Can. J. Phys. 32, 522 (1954).
132. D. R. Wiles and C. D. Coryell, Phys. Rev. 96, 696 (1954).

133. See referenceé to Tables 11.10 and.Iéfklynreﬁeﬁeﬁcegdlzgiand'129.
134, W. H. Fleming and H. G. Thode, Phys. Rev. 92, 378 (1953).

135. D. M. Wiles, J. A. Petruska and R. H. Tomlinson, Can. J. Chem. 3k, 227 (1956).
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The PAPPAS126 analysis should apply as well to these other nuclei; it -does
account qualitatively for many of the observed results but there are some un-
accountable discrepancies between experiment and theory, partieularly in the
fission of U233. v , ‘
FLEMING, TOMLINSON and TIéIODE131 £ind a peak in the yields of the xenon
23

with fast neutrons but the peak is lower than

isotopes from the fission of U
126

observed in the case of U 235 fission, and lower than predicted by the PAPPAS
23

treatment. " In the case of U 233 fission, WANLESS and. THODE could find no

evidence for a spike in the xenon yields. It is hard to understand this
sudden disappearance of this fine structure in going from U235 to U233 On the
other hand, STEINBERG, GLENDENIN, INGHRAM, and. HAYDEN13 find clear evidence |
for a fine structure peak in the light fragment distribution.for U 33 The
maximum of the peak occurs at about mass 99 which is complementary to the heavy -
fission products containing 82 neutrons. ,

STEINBERG and GLENDENIN S| measured the ylelds of fission products of
the spontaneous fission of,Cm akz and found pronounced fine structure around

masses 105 and 134, The effect is attributed chiefly to 825neutron preference

in the fission act.

1.4, 4 Distribution of Mass in Fission Induced by Neutron of Resonance

Energy. Many of the characteristics of fissibn are probably strongly
-influeneed 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 dietributions 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 in mind some invegtigations have been
made of the shape of the ﬁass-yield curve: when fission is induced with neutrons

of resonance energy.

136. E. P.. Steinberg, L. E. Glendenin, M. G.vInghram,,and R. J. ‘Hayden, Phys.
Rev. 95, 867 (1954). , :
137. E. P. Steinberg and L. E. Glendenin, Phys. Rev. 95, 431 (1954).
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‘A detailedvradiochemical study of resonance fission faces the severe
difficulty that fhe available monoenkrgetic neutron sources are very weak.
Nonetheless, some preliminary studies of this type have been made.

NASUHOGLU and co-workersl38 35 metal with

neutrons of lQl, 3.1 and 9.5 electron volts energy selected by a crystal.

irradiatied samples Of

speetrometer from the neutrons of the Argonne‘Research Reactor. CP-5. The
nuclides Sr89,‘Agl;l, CdllS, and.,Sbl27

accuracy of about 20 percent. .The preliminary data indicated no detectable

were isolated quantitatively with an

dlfferences in the relative probabllltles of asymmetrlc modes (represented by
9) and near-symmetric modes (represented by Aglll, cat? and Sb127)

.REIGIER, BURGUS and TROMP 139 performed .a similar radiochemical experi-
ment‘with‘U233 targets at‘the MIR reactor. The neutron resonance energies
chosen by.them were 1.8, 2.3,.and 4,7 electron-volts. It was found that the
ratio oansyhmetric 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 erergies, to within
‘experimental uncertainties. o . ' v

.The Los Alamos-Radiochemistry grouplho .did a somewhat similar study in
ewhlch the relative ylelds of six selected fission products were measured for |
fission induced in a cadmium-wrapped U 235 sample placed near the center of the
Los Alamos Water Boiler reactor. The cadmium absorbed the neutrons of thermal
-energy and the dbserVedffissiOn products represented fission events induced by
neutrons in the resonance energy region. No dramatic change was oObserved but
there was a defiﬁite trend in the radiochemical yle lds indicating that the
valley in the mass yield .curve is deeper for fission: induced by resonance
neutrons than for fission induced by thermal neutrons.

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

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

138. fNasuhoglu, Raboy, Ringo, Glendenin and.Steinberg, Phys. Rev. 108, 1522 (1957).

139. R. B. Regler -W. H. Burgus, and R. L. Tromp, Phys. Rev. Letters Z, 274 (1959)
, See also R. .. Burgus and B -H. Sorenson, Bull. Am. Phys.

s 1CF, W
8¢t TI°%, %%_(19%0 ety
140. Phys. Rev. 107, 325 (1957).
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his associateslh:-L at the Argonne National Laboratory to devise a clever method
of obtaining a mass-yield curve by'a physical method. In this method a thin
sample of fissionable material is placed in a double ionization chamber and
exposed to a beam of neutrons. The pulses producea by the two fission frag-
ments in the double«Frisch gridded ion chamber are amplified linearly te yield
pulses proportional to 'the energy of the fragments. One of these pulses
independently and also the sum of the two pulsea is fed to an electronic
circuit which cenverts the ratio of these two pulse heights to two pulses
having a time difference proportional‘to the ratio of pulse heights. This

time differeﬁce is recofded‘on_a 1024 channel time analyzer. Because of con-
servation of momentum.in the fission process the ratio of pulse heights is
proportional to the mass of .one of the fragments. The mass-yield .curve
obtained in this fashion from ionization chamber pulses'is better than the
mass-yield curve derived in the more conventional 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 given mass split. ROELAND, THOMAS andeOLLINGEth .applied this
technique to the case of U235 and U233 fission in g filtered beam of neutrons
with a high proportion of neutron energies near one of the prominent resonances.
The upper part of Fig. 11.39 gives the measured mass distribution for thermal
neutron fission of.U235. -The peak-to-vglley ratio is 400, a value that is
.almost as high as the valﬁe of 600 obtained radiochemically. The masg distribu-
tion was also measured in & filtered beam of neutrons contalnlng chiefly

235

neutrons centered at the prominent U resonance at 8.9 electron volts. The
ratio of the .yields in corresponding channels for the resonance neutrons com-
pared to the thermal neutrons is plotted in the lower part of the figure.
This ratio does not deviate markedly from‘unify but there does appear to be a
slight increase in the center of the distributiom. JY this effect 1is real it
would indicate that U235 fission with 8.9 electron volt neutrons has a

-slightly lower peak to valley ratio than does thermal fission.

141. 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.
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Flg 11.39. ‘Mass distribution for U 235 for thermal neutrons

is given in (a) as determined by the special ion-chamber
technique of Roeland, Bollinger, and Thomas. In part
(v) 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 1n corresponding channels .
of the distribution for the resonance neutrons and for
the thermal neutrons. (b) shows raw results (c) shows
corrected results.



UCRL-9036

-149-

The Los Alamcs fadiochemistry groppuL2 overcame the neutron intensity
problem by a novel experiment performed dﬁring field tests of nuclear explosive
devices. In this experiment a fission explosion was used as a source of neutrons
many orders of magnitude greater than ars available on s resbnablertime—scale
frdm the best laboratory neutron sources. The experimehtal arrangement 1s
shown in Fig. 11.40(a). & rotating wheel with a U235 rim was located 100 feet
from the explosion. Neutrons traveling with different velocities struck the
U235 target at different pointé albng the rim. The 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 fo in excess of 100 é#. Radio-
autographs ofvthe target made it possiblevto identify many of the main resonar es.

The rim wés sectioned and radiochemical analysis was carried out for the

99, As77 Aglll Cdlls'and Baluo. Molybdenum-99 yields were

235

specific products Mo 5 ,

- used as a measure of total fissions in each section of the U rim; several

individual resonances were resolved below 60‘ev as well as several packets of
levels at higher levels. Comparison of the peak-to-valley yield ratios showed
that there are no highly symmetric modes of fission (Aglll or CdllS yields >
1 percent) in the energy interval 9 to 500 electron volts. Figure 11.40(b) shows
the change in the Aglll/Mo99 activity ratio as a function of neutron energy.
Fluctuations of the order of 30 percent occur in this ratio.

It is clear that a series of experiments of this type would permit a
very sensitive and fruitful analysis of many features of the fission of heavy

nuclei 'with neutrons of resonance energy.

11.4.5 Fission Product Yields in Spontaneous Fission. It seems likely
that spontaneous fission mﬁst involve a.single fission channel. It might be
expected that the mass distribution of the fission products, as wel} as other
charécteristics, of spontaneous fission would provide very exact information on

the mature of fission in a single-channel process. However, the number of nuclel
for which detaiied studies of the characteristics of spontaneous fission can be
made is limited by fhe sfrong depéndence of the probability of spontaneous fission

on atomic number and on nuclear type as discussed in Section 11.3.6.

142. G. A. Cowan and A. Turkevich, Bull. Am. Phys. Soc. II, 4, 31 (1959) and

private communication from G. A. Cowan. Detailed paper:to be published.
See also report of Plowshare Conference in Report UCRL-5679, May 15, 1959.
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Fig. 11.40(a). Sketch of Los Alamos "wheel" experiment for
measurement of resonance fission characteristics.
Figure supplied by G. A. Cowan..
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The study of spentaneous fission of thorium or urénium is greatly ham;i;
pered because of the measured half lives of greater than lozo'years and
1.3 x 1016 years, respectively, for these elements. See Table 11.7. Nonethe-
less, a few investigations have been carried out. The‘most successful have
been the extraction from uranium and thorium minerals of the stable rare gas
isotopes which have been aecumulating in the minerals throughoﬁt,geologieal
time. For example,  the spontanebus fission from one gram of uranium produces

136

in 300 million years. In a 6% uranium mineral having

about 107 cc of Xe
this age the ratio of fission product Xél36 136 should be about 60.

to normal Xe
Thus in radiocactive minerals the total amount of xenon and krypton as well as

the isotopic distribution should be very different.from that found 1n.ord1nary'
minerals. Modern techniques of mass spectrometry are so sensitive -that the

~ isotopic composition of gas .volumes of this: extremely small size can be deter-
mined accurately. In 1947, KHLOPIN GERLING and BARONOVSKAYA 143 found that
pitchblende contained more xenon than is usually found in minerals and that the
quantity of xenon is in rough agreement with the assumption that the xenon was
produceﬁ by spontaneous fission. In 1950 MACNAMARA and THODE Lhk reported measure-
ments on the isotopic abundances of xenon and krypton extracted from a sample of
pitchblende with -an age of about 1.k x lO9 years Five fission product isotopes

of xenon_(Xe129, Xel3l, e132 3% ang xel ) and three of kryton: (Kr83, Kr8h,

Kr86) were identified. It is interesting to note that Xe 129 is an observed

product of the spontaneous fiss10n of U 238 since it is not seen in the fissim
gases of the slow neutron fiSSion of U 35. The reason for this is that its
precursor I 29 has a half life of 1. T X 107'years -WEATHERILLJ'M5

isotopes of xenon and krypton from samples of the uranium minerals, euxenite and

measured the‘

146
pitchblende, and of the thorium mineral, monazite. FLEMING and- THODE measured
the flSSlon yields of these fission gases in six samples of pitchblende and one

sample of wraninite. When all the results were compared it was clear that the

143, Khlopin Gerling and Baronovskaya, Bull. Acad. 'Sci. USSR Classe Sci. Chim.
599 (i9n7), Chem. Abs. 42, 3664 (19&8)

14Y4. - J. Macnarara and H. G. Thode, Phys. Rev. §9, 471 (1950).
145. G. W. Weatherill, Phys. Rev. 92, 907 (1953).
146. W. H. Fleming and H. G. Thode, Phys, Rev. 92,378 (1953).
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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 fissionofU235 with the neutrons of natural origin may contribute to the

235

rare gas. fraction. The extent to which neutron fission of U competes with

natural fission of U 238 depends on the concentrationtof uranium in the mineral,
the age of the mineral and the nature of the impurities. = The measurement of.
minute amountk .of plutonium in uranium mlneralslAY resulting from the capture
of natural neutrons by U 238 is a very direct 1ndlcat10n of a measurable neutron
concentration in uranium minerals. This is fully discussed in Section 3.6 of
Chapter 3. The neutrons come chiefly from ,the spontaneous fission of U238 and
from (a,n) reactions caﬁséd by the action of the alpha emitters from the
uranium seriés on the light elements in the ore. |

By an examlnatlon of the trends in the xenon isotope ratios in various
uranium mlnerals it was possible for. V/JI*_.“A'].’I*IERILL'M5 and for FLEMING and THODElLL6
to state_three important .ways in which spontaneous fission yields differ from
fission yields in neutron-induced fission.
| 1. The mass'yield curve for spontaneous fission is much steeper in-
dicaﬁing a more selective division of mass. The lighter isotopes of xénoﬁ are
formed in much lower yield than they are in slow neutron induced fission.

2. The "fine structure" characteristics are different. 1In the case. of

13k

have abnormally high yields, whereas in natural

U235 fission Xe133 and Xe
134

" fission the yield of Xel32 is abnormally high and the yield of Xe is markedly
down.‘ ' |
3; The yield of xenon relative to krypton is higher in spontaﬁeous
fission. |

The measurement of the fission yields of other products by more standard
radiochemical technlques has not proceeded far because of the extremely low count—
ing rates of the fission elements which are to be found in uranium samples of
manageable proportions. PARKER andeURODAlA8 for example isolated molybdenum

from 3420 grams of purified uranyl nitrate and found an equilibrium amount of 67

147. C. A. Levine and G. T. Seaborg, J. Am. Chem. Soc. 73, 3278 (1951).
148. P. L. Parker and P. K. Kuroda, J. Chem. Phys. 25, 1084 (1956).



UCRL-9036

-15k4-

hour M099 equal to only 1 count per minute in their counter. They calculated an

equilibrium activify of 1.26 x lO-lh.curies:of Mo99 per gram_of.U238 which
corresponds to a spontaneous fission half life of 8 b+ 0.8 x. 1015 years for
lh9

U238 assuming a Mo99 fission yleld of 6.2 percent ASHIZAWA: and KURODA
measured the amounts of several iodine isotopes in 1.5 kilograms of hlghly‘
purified uranium and found the following equilibrium amounts in units of lO

238, 31 0.3 % 0.1; 3¢ , 2.5% 0.3;

d1s1ntegratlons per second per gram of U
150

™33 1.0:o0.2; 3% 3.6 % 0.4 1%, 3.5£70.4. KURODA and EDWARDS
measured Baluo present in 4.5 kilograms of uranyl acetaté and found l.6 X lo'l“
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 is
of the correct order of magnitude. The data are not exténsiVe enough, ‘and are
not llkely to become extensive enough, to permit a careful exploration of the

structure of the spontaneous fission-yield curve in U 38. For example, a ton of

U 238

would be required to obtain a measurable activity of a fission product with
a fission yield of 0.0l percent. | ' ,
RUSSELL and TURKEVICHlsl made the radiochemical determinations -of spon-
taneous fission yields summarized -in Table 11.13 using kilogram quantities of
238 as the fission source. Figure 11.41 combines these radiochemical results

145

with the rare gas mass-spectrometric determinations of WETHERILL into a mass-
yield curve. o o ' ‘

For a more complete radiochemical study of‘spontaneous 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 fhelitable..’.

F. T. Ashizawa and P. K. Kuroda, J. Inorg. Nucl. Chem. 5, 12 (1957);.See
also preliminary study by Kuroda, Edwards and Ashizawa, J. Chem. Phys.

25, 603 (1956).
150. P. K. Kuroda and R. R. Edwards, J. Inorg. Nucl. Chem. 3, 345 (1957)

}..J
-
O

151. I. J. Russell and A, Turkevich, unpublished results;. I. J. Russell,
Ph.D. Thesis, Department of Chemistry, University of Chicago, December,

1956.
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vTable‘ll 13 o
F1ss1on yields: in the spontaneous fission of U 238
_as reported by RUSSELL and TURKEVICH

Nﬁclide Fission yield - __Nuclide vFlssidn yield

se® 2903 Rl 6905
w® so+o.5 Agrt 0.05(upper Limit)
’Pdl99 : “O OZ(upper limlt)  ‘1' ot 'O-OZ(UPPGP limit)
Te?32 b5 & 0.5 S Pt 1.5% 0.5

14y

6s5:o05 - wa™T o wezzon
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Specific fission rates of selected transuranium element nuclides

Isotope Partial half life férvspontanéoﬁs A »i - Spontaneous fissions
o ' fission decay (years) ) __ per minute ‘per milligram
sz&z : .' 7.2 x lO6 E , ' - k66 x 105 |

[t | 6 I s x 100

Fu2ot  0.60 - 5, x 10M2
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Fig. 11.41. U spontaneous fission yield distribution.
The ordinate is the fission yield in percent. The
abscissa is the mass of the fission product. Round
points correspond to radiochemical determinations of
Russell and Turkevich. Sguare points correspond to
mass spectrometric determinations by G. W. Wetherill
[Phys. Rev. 92, 907 (1952)&. Wetherill's data are
normalized to 6.0% at Xel30, Radiochemical data are

based upon a spontaneous fission half life of 8.0x1015
years (E. Segre, Phys. Rev. 86, 21 (1952)].
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STEINBERG .and GLENDENIN152 studied the fission products from a one milli-

gram sample of Cm &2}; Procedures were worked out for- 1solat1ng several fission
product elements from. the 7 X lO alpha dlslntegratlons per minute of szhz‘

The yields -of 21 nuclides, enough to deflne the maJor features of the mass yield
curve, were determined. Their procedure was to purlfy the parent sample of Cm MZ’
to let it stand for a certain period of time and then to isolate ahd measure
specific fission products by qpantitativerradiochemical techniques. - The results

given in Table 11.1l and Fig. 11.42 show that spontaneous fission of‘CmZLLZ is

more asymmetric than the thermal neutron fission of U235§ U233 or Pu239.» The
peak-to-trough ratios are higher and the light and heafy peaks are higﬁer and.
narrower. The Light peak shifts toward heavier mass numbers. The fine structure
effect in szuz 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 STEINBERG 153 also investigated radiochemically some
252 B

. -10 - .
using a 10 gram source possessing a

154

products of spontaneous fission of Cf
spontaneous fission rate of a few thousand per minute. CUNNINGHAME also
contributed to this investigation. ' '

The most comprehen51ve radiochemical study was carried out by NERVIK
and STEVENSON 125 with the assistance of several co-workers: One source of
1 x.log and another of 2 x lO7 fissions per minute were used to obtain the .
data. The results are presented in Table 11.15 and in Fig. 1L.A43. The fission
yield curve has maxima of 6.2 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 neutron fission of U235
There is a very narrow "trough" with:a minimum value of 1 x 10 -z percent at -
mass number 124; In addition whnle the curve as a whole is symmetrlcal about

mass 124, each peak is not symmetrncal about 1ts own max1mum, belng 51gn1f1cantly

. Steinbérg and L. E. Giendeﬁin;'Physf Rev,_gi, 4317(195h).

152. E. P

153. L. E. Glendenin and E. P. Steinberg, J. Inorg. Nuclear Chem. 1, 45 (1955).
154. J. G. Cunninghame, J. Inorg. Nuclear Chem. L, 1 (1957).

155. W. E. Nervik and P. C. Stevenson, unpdbllshed results; abstract published

in Bull. Amer. Phys. Soc. II, L, 372 (1959), Nervik Stevenson, Hicks, Levy,
Niday and Armstrong.



UCRL-9036

-159-

" Table 11.1l |
242

Fission yields in spontaneoué fission of Cm

Observed fission Calculated independent : Tofal'fission

v yield fission yield of daughterC yield of chain
Nuclide (%) = N ()
9.7-hr Srot 0.9% .+ 0.3 0.0L 0.95 % 0.3
2.7-hr Sr2° 1.1 £ 0.3 0.1 1.2 %0.3
67-hr Mo”© 5.7ft,o.7 0 5.7 % 0.7
40-day Ru'O3 C7.2% 1.5 o 7.2 £ 1.5
b.5-hr Ru'O? 9.5 + 0.9 0.4 9.9 % 1.0
1.0-yr Rui0C 7.4 % 0.8 1.0 8.4t 1.0
13.1-hr Pat9? 2.9% 0.4 0 2.9 + 0.4
21-hr Pa 2 10.95 * 0.15 1 0.15 1.1+ 0.2
53-hr Ca 1’ 1 0.033#0.01 0
43-day cattom © (0.003)% 0 0.036£0.01
3.0-hr CdlleA <0.01 0 . <0.01
93-hr sbre7 0.35 + 0.1 0.02 10.37 +
4. 2-hr SbT27 1.3 £ 0.3 0.k 1.7+ 0.4
30-hr Tel3M 2.3 £0.5 —— ‘
8.0-day Il3l 2.0 £ O.hp- 0 _ 4.3 % 0.7
77-hr Tel3? 5.8 + 0.9 1.6 L7 £ 1.3
21-nr 133 5.7 % 0.8 0.3 6.0 £ 0.9
52.5-min T-3* 6.9+ 1.0 1.1 8.0 * 1.3
6.7-hr I-3° 3.9 + 0.6 3.1 7.3 £ 1.4
13.7-day cs73®  0.80 + 0.12 ——- |
85-min Bat3” 6.6 £ 0.7 0 6.6 + 0.7

1ho 5.9 £ 0.8 0 5.9 + 0.8

12.8-day Ba

a. Assumed yield ffom
b. Yield 1ndependent of 30-b~ Te

c. Calculated independent yields assume validity of equal charge dlsplacement

l3lm

hypothe31s and a v value of 3.

known branching ratio in 1nduced f1551on
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Fig. 11.&2. Yield mass curves for spontaneous. fission o
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triangles e écimated total chain yields. Steinberg @nd
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Glendenin.
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Fig. 11.43. Mass-yield curve for szs'z spontaneous fission.
' Figure prepared by W. Nervik.
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~* Table 11.15

Spontaaneous fission yields-of_Cf252

Fission yield %

' uels 8 Numberpof - | Nervik155~ .- ~Glegdeninl%%d B 154
Nuclide determinations et al. . Steinberg - Cunninghame
w1 <7.1x1077 o

43 2 2:1.1}:10'2+ .
% 2 <6.8x107°
7n° 2 55.2#10'5
s 2 58.8x10'5'
a8 3 1.97x10730.18%
BrO3 3 2.14x1072+0.93
509 2 0.32£0.01
Pead 2  0.61£0.06

- y73 3 1 0.87£0.03
2?7 1 1.42 o
sl 3 1.60+0.16" , . 2.1%0.3
Mo?? 3 2.60£0.08 . 2.2%0.5 . 3.0£0.L5
Moot ‘ | - . 4.1%0.8
Ru+0? L | 6.220.22
RulOS _ 9.2%1.h
pgt®? 5 5.91£0.61  6.8t1.3
Attt b 5.39£0.30  4.5%0.9
Pdll2 5 3.79%0.18 "4.5+0.9
Agtt3 o 4.39%0.39 4.2%0.8 ,
_Cd115 ol 2.37%0.13 2.8%0.5
mit? | <.0
S0t 3 © 0.148£0.009
SanS 3 1;25x10'2£o.005
ol 3 0.135%0.009
sp1e9 3 0.639+0.017
3t 3 1.840.38 .
pel3? 3 2.79+0. 4k 2.8t0. 4
133 3 3.37io.&2 4, 8£0.7
3 3 S 4.2%0.6
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Table 11.15 (cont'd.)

Fission yield %

Tm

Nuclide-hbﬁiﬁ:iéiiif;ééé %égirZiklssi ' gii?iiﬁinigﬁd: 3 ok
> T : : e : el rg ”Cunn;nghame
1135 3 . 3.61%0.30 4.0£0.6 |
,C8136 1 307x10_2(independent yield)
05137 1 .57
05138 1 5.13 . 6.310.9
Ba®37 2 5.9610.17 6.2+0.9
a0 T 6.56£0.57
et 1 6.39
cet3 5 6.1750.36 7.81.5
pr3 - | | O T7.hLLS5
celth 1 6.69 | |
Ndl“7 6 4. 83+0.09 : 4.0%0.8
-9 1 2.75 |
Pt 1. - 2.26
B3 6 1.47£0.035 1.3%0.3
Eut2® 3 0.73%0.009 ’
py -6 3 1.80x107%+0.16
gy t09 3 1.72x10'3io.u1

e 3 <0. k0™
Tt TH 3 <.0x107"
vor 1 2 .5;253x10'LL
Lut (7 1 <:9.6x10’5

¥Average deviation of multiple determinations.
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spfead toward the most asymmetric fission modes. No evidence was seen of fine
structure in either peak; nor was there evidence of act1v1t1es which could be
ascribed to ternary fission events, upper. limits of 10° % fission yleld belng

set for individual nuclides between mass numbers 28 and T2.

11.4.6 Ternarz Fission - All stuaies of low-energy fission indicate that
the process results predomlnantly in the division of the flss10n1ng nucleus into
two fragments plus two or three neutrons. PRESELT156 shoved 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 invnﬁclear emulsions impregnated with fissite 'l material: and by
studies using multiple ionization chambers.* The findings of these studies can
be greuped in'three categories for the case of U235 caused to fission with slow
neutrons. | A o _

(1) The most prominent and best-established type of ternary fission is
the emission of high speed alpha partlcles in coincidence with two heavy frag-
ments of the conventional type, The abundance of this type of fission is roughly
one in 400 of normal binary fission.events. The alpha particles have a dlstrl-,
bution in energy up to 29 Mev but the distribution shows a definite broad peak
at 15 Mev, The.anguiar;distribution ef ﬁhe'alpha'particles shews a strong
peaking at an angle a few degrees’less than 90o with respect to the direction
of the lighter of the two heavy_fragments. '

| (2) The second type of ternary fission is the splitting of the nucleus
into three fragments of roughly equal mass. A conservative upper 1limit to this
process for low-enérgy. fission 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 studles, aside fram the necessity to investigate hundreds of
thousands of events, there is the dlfflculty of posltlvely distinguishing

between a triple track due to a triple fission event and a triple track due to

156. R. D. Present, Phys. Rev. 59, 466 (19k1).

#An excellent and detailed discussion of ternary fission is given by Demers in
his book "Ionographe; les Emulsions Nucleaires", Montreal University Press,
Ottawa (1958). B
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a binary fission -event plus a heavy recoil originating in the emulsion at
approximately the p01nt of flSSlOn On the other hand when tripartite fission .
is 1nvest1gated by observ1ng the three fragments in a multlple ionization counter
coincidence experiment it is necessary to eliminate accidental coincidences pro--
duced by two binéfy fissions. occurring’within the resolving time of the coinci-
dence equipment. ROSEN and HUDSON157 made a particularly careful study by the
235

coincidence method and in the case of U they arrived at a frequency of

158 points out

ternary fission of 6.7 * 3.0 in 106'binary fissions. PERFILOV
that this measurement does not apply to the possibility of an asymmetric
division which led to a kinetic energy < 40 Mev for one fragment.

In the wartime radiochemical research on the fission productsl59 a
determined search was made for.possible products of térnary 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,lo_g
percent_or less were set on the total number of fissions resulting in the

production of such nuclides. :
160 R Y-

- MUGA ;and  THOMPSON have looked .at fission tracks of Cf in nuclear
emulsions impregnated with this spontaneously-fissioning nuclide. They found
several definite events in which true triple fission of type 2 had occurred and
set a conservative lower limit of one triple fission to 20,000 binary fission
casés. The true rate may be several-fold greater. Hence triple fission of this

252

type is considerably more frequent in the spontaneous fission of Cf than it is

_in the slow neutron fission of U235
(3) ‘A third 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 Mev). These particles dre:distinguishgd by.their

157. L. Rosen and A. M. Hudson, Phys. Rev. 78, 533 (1950).

158. N. A. Perfilov in Phy31cs of Fission, English Translation of a Conference
of this title publlshed as Supplement 1 to the Soviet ‘Journal of Atomic

Energy, 1957,

159. See papers by Metcalf, Seiler, Steinberg, and Winsberg in Bock 1, of
“"Radiochemical Studies: The Fission Products", National Nuclear Energy
Series, edited by C. D. Coryell and N. Sugarman, McGraw-Hill Book Co [
New York 1951.

160. L. Muga and S, G. Thompson, results to be pubmitted for publication in thé
Phys. Rev. (1960). :
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frequency and their energy from the energetic q-particles comprising type (l)
Several studiesl6;—l64.dealing with these light fragments of low-energy
assign rather -high probability tovthéir occurrence (about one percent). It is
.difficult to distinguish_sucﬁ particles from protons'and other nuclear recoils
© produced by fission fragments‘in their passage through.nuclear’emulsion or
counter gas and the interpretation of these data is opento some qpestion.l6s
It has been suggested also that some of these lighf fragments might have
| nuclear charges greater than 2. The emission of light fragments with the
nuclear charge of beryllium seems to be ruled out conclusi#ely by radiochemical

=5

percent to the formation of

experiments. COOK166 set an upper limit of 10
. 167

" Be in uranium fission. FLYNN, GLENDENIN and STEINBERG

of L x lO_LL percent to the formation .of 2.5 millien year-Be;o

set an upper limit

We shall not consider further triple fission of type 3.

We turn now t0 a'fulier account of %riple fission of the first type.
3ALVAREZl68 in 1943 was the fifst to observe triple fission into two heavy particles
and one light particle,but this discovery was not reported until after the war.

The firstvpublished,literatufe was that by.SAN-TSIANG ZAH-WEI, CHASTEL .and

VIGNERON.169 The literature on the subject up to 1950 is well reviewed by

161. Tsien, Ho, Chastel and Vigneron, J. Phys. radium 8, 165, 200 (1947).

162. K. W. Allen and J. T. Dewan, Phys. Rev. 82, 527 (1951). _
163. L. L. Green and D. L. Livesey, Trans. Royal Soc. (London) A241l, 323 (1948).
164%. E. W. Titterton, Nature 168, 590 (1951).

165. See for example the discussion by Demers p357 IONOGRAPHE; Les Emulsions
Nucleaires, Montreal University Press, Ottawa (1958).

166. G. B. Cook, Nature 169, 622 (1952).

167. X. F. Flynn, L. Glendenin and E. P. Steinberg, Phys. Rev. 101, 1492 (1956).

' 168. L. W. Alvarez as reported by Farwell, Segre and Wiegand, Phys. Rev. Tl,
327(1947).. o , |

169. . San-Tsiang Zah-Wei, Chastel and Vigneron, Compt. Rendus 223, 986 (1946);
224, 272 (1947); and Phys. Rev. 71, 382 (1947).

170. L. Rosen and A, M. Hudson, Phys. Rev. 78, 533 (1950).
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ROSEN and HUDSON170 and by ALLEN and DEWAN.162 An_exeellent later review is
that of DEMEE}RS.171 The ionization and range characteristics of the light parti-
cles leave no doubt that theyvare helium ions;_-EXperiments dealing with the
frequency of‘this type of triple fission are summarizednin_Table 11.16. It is
not clear why there is such a‘spread in the reported results. It has been
suggested that the variation might be attributed to differences in the energy
of the neutrons causing fission but the preliminary results of AUCLAIR17-2 argue
against this interpretation.

The energy distribution of the long-rangé alpha particles has been
studied by measurement of ranges‘in nuclear emulsioam—;,lélL by ionization chamber
measurements 113 _and by magretic analysis. TTh The results, which agree rather
well, ave summarized in Fig. 11l.kL. MUGA andvTHOMPSONl6O investigated the
eﬁergy distribution of the long-range alpha particles in the spontaneous

252. Their results, summarized in Fig. 11.45 show a peaking at a

y235

fission of . Cf
somewhat higher energy than in the case.
.The angular disfribution follows that to be expected of an alpha

particle formed at the instant of fission and traveling away from the origin

in the Cailbmbic field of the heavy fragments. TITTERTONl investigated a huge
number of events by the emulsion'technique and found a strong peaking‘of the
angular distribution atv82O with respect to the lighter of the fission fraguments.
MUGA and THOMPSON™ O studied c£ZoC

respect to the lighter of the fragments

and reported a strong peaking at 850 with

The observation of these alpha particles with the reported energy ‘and
angular dlstrlbutlon can be explained from a simple qualitative picture based on
the liquid drop model of nuclear division. This explanation has been well

stated by HILL and WHEELER175 whom we quote here.

171. -P. Demers, Ionographie, Les Emulsions Nucleaires, Montreal University
Press, Ottawa (1958), pp. 353-355.

172. J. M. Auclair, Proceedings of the International Conference on the Neutron
Interactions with the Nucleus, held at .Columbia Un1vers1ty, Sept 9-13,

1957, Report TID-75L7, p. 139.
173. K. W. Allen and J. T. Dewan, Phys. Rev. 80, 181 (1950).
174%. C. B. Fulmer and B. L. Cohen, Phys. Rev. 108, 370 (1957).
175. D. L. Hill and J. A. Wheeler, Phys. Rev. 89, 1102 (1953).
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Table 11.16

UCRL-9036

‘Probability of Emission of Long-Range Alpha Particles in. Low-Energy Fission

Frequency compared

Target to total

Investigators _-_.nucleus Neutron source fission events
Fulmer and Cohen vU235 pile neutron - 1 to 310
Allen and Dewan y?33 therinal neutrons 1 to 405 £ 30
Allen and Dewan 1U235 thermal neutrons' l_to 505 % 50
Allen and Dewan ~Pu239 tthermal‘neutrons 1 to 445 + 35
-Titterton _U23‘5 thermal neutrons 1 to L2z % 50
Farwell, Segre and ‘U235 cyclotron slow 1 to 250
Wiegand neutrons
Farwell, Segre and Pu239 cyclotron slow -1 to 500
Wiegand neutrons .
Green and Livesey“ :'U235 ' cyclotron slow 1 to'3OO

' neutrons '
Demers | U235- Ra-Be source 1 to 250
Marshall gt thermal 1'to 230
Muga andfThompeon .szsz sponteneOUSvfission 1 to 415

C..B. Fulmer and B. C. Cohen,. Phys.

K. W. Allen and J. T. Dewan, Phys.

MW.gﬁ,ym(nﬁﬂ.

Rev. 80, 181 (1950).

K. T. Titterton and F. K. Goward, Phys. Rev. 76, 1k2 (1949).

K. T. Titterton, Nature 168, 590 (1951).

G. Farwell, E. Segre and C. Wiegand, Phys.

L. L. Green and D. L. leesey, Nature 159, 332 (1947).

P.-Demers,vPhys,,Rer 70, 97#»(19&6).

L. Marshall Phys

Rev. 75, 1339 (1949).

L. Muga and S. G Thompson, unpubllshed results, 1959

Rev. 71, 327 (1947)
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Fig. 11.k4k4. Energy dlstrlbutlon of long-range alpha particles
. from the pile neutron fission of U235. Curve A is the
distribution determined by FULMER and COHEN17A by magnetic
analysis. Curve B is the work of ALLEN and DEWAN.173
Curve C is the distribution determined by TIETERTONLG4

using an emulsion technlque Figure reproducéd from
FULMER and COHEN.1T4 :
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11.45., Comparison of the energy distribution of long-

range alpha particles from the spontaneous fission of
Cf252 (MUGA and THOMPSONL60) and from the slow neutron
fission of U235 (TITTERTONLO4). Figure prepared by L.
Muga. -
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"From classical hydrodynamics it is well known thatithe'disintegration
of a liquid jet into drops leads to the formation between these fragments of
tiny droplets. 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 between,alpha—particles,
protons and neutrons. Of these only the alpha-particles represent nearly
saturated nuclear matter,'and only they are energetically capable of emerging
from the original 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 account of the. coupling to its surroundings. In contrast an alpqa-
particle in the region of scission lies at the point of maximum Coulomb potential,
and yet has less than the normal amount of nuclear matter 1mmed1ately around it
with which to form bonds. This particular alpha-particle has in effect been
 raised to a point but lititle lower than the top of the barrier, by means of the’
changes of nuclear form which took place up to the moment of scission. An
alpha—particle-indsuch 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 separatlon with an energy of about 20 Mev.. The unequal repulsion by the
lighter and heavier fission fragments will be responSible for some deV1atlon
from perpendicular emisSion, as observed. ' '

Similar effects 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 forbidden in comparison with
alpha-particle emission, because tne‘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 and 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 1IN FISSION

In the disCussion of this section we shall use the term primary fission
product to refer to the nuclear species formed after em1551on of the prompt
neutrons but before any beta decay has occurred. The general term f1531on
product will refer to the primary fission products plus any nuclear.speC1es
produced by the beta decay of the primary prodwc ts. '

An 1mportant part of the information ‘that one would like to have about
the fisgion process is the lelSlOH of nuclear charge between the prlmary
fission fragments. Unfortunately, to determine this is a dlfflcult experlmental
problem and the avallable data are limited. The. reason for the dlfflculty is
that the prlmary fragments are so far‘from beta stablllty that most of the radio-
active decay,half.llves-are very short. Hence by the time the\neccssary
chemical separations have been carried out the primary fragments have been com-
pletely converted into another element. This is not true in the case of
shfelded nuclides and their 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 whlch3can be chemically isolated in a time
shorter than the half life of their beta-decaying precursors. For eiample,

' . : - 140
Lalho is formed in fission chiefly from the decay of its parent, 12.8 day Ba s

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 La " formed as a primary fission product.
2Beforelthe'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 of the fissioning nucleus..,This postulater 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:WIGNERl76 in an early unpublished report that the.most

176.' See K. Way and E. P. Wigner, 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 the fragments and the minimum potential energy in
the form of rad10act1v1ty decay energy. This postulate predicts a longer
average chain length for the heavy fragments which also is not in accord with
the facts - ‘

The - problem of nuclear charge dlstrlbutlon may be considered to have
two aspects: (l) the determination of the most probable mode of charge division
for a given mass split, and (2) the distribution function for primary formation
(independent yield) about the most probable nuclear charge among fission products
of the same mass “number, . | ‘ : '

The emplrlcal facts regardlng the d1v151on of charge in slow-neutron
‘induced fission are satisfactorily summarized by the hypothesis of equal charge
dlsplacement_put forth by GLENDENIN; CORYELL and EDWARDS. 177-178

this hypothesis the most probable charges for one fission fragment and for its

According to

complementary fragment lie an equal number of ﬁnits'away from beta stability.

It was further postulated,to cover poiht (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 empiitrical charge distribution curve
is shown here in Fig. 11.46. | l

From the equal charge displacement hypothesis
' * *

o g _ Ll
Z, zp zA zp (11.4L)

' * . . : '
where.ZA and;ZA are the most stable charges of the complementary fission

. * , v 4
product chains and-Zp and'Zp are the most probable charges for'the primary

. % *
fission products of mass numbers A and A, Z, and Z (and Z and Zp ) are

A A
not restricted to 1ntegral values and in nearly all cases are non-integral.
The sum of the prlmary charges Zp and Z must equal the charge of the fission-
ing nucleus Z

by

e The complementary flSSlon product masses A and A are related

A+ A = Ap - v . ,(llfAS)

177. Glendenin, Coryell, and Edwards, Distribution of Nuclear Charge in Fission,
Paper 52 in "Radiochemical Studies: The Fission Products" C. D. Coryell
and -N. Sugarman, editors, Natlonal Nuclear Energy Series, Plutonlum Project
Record, McGraw-Hill Book Co., Inc., New York,(1951).

178. L. E. Glendenin, Laboratory for Nuclear Science, Massachusetts Institute
~of Technology, Technical Report No. 35, December, 1949.
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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 mass A is then

- 1/2 (ZA +2," - 2.) (11.146)

. =7
In the original treatment of GLENDENIN, CORYELL and EDWARDS, || the

values of Z, vere evaluated from the BOHR -WHEELER™ (~

tinuous ZA function smooths over the mass discontinuities involved in crossing

shell edges; hence appreciable error in estimating ZA and Zp is likely to result

mass equation. This con-

for those. fission products having proton numbers close to fhe 50 protbn shell
or a neutron: number close to the 50 or 82 neutron shell. To eliminate this
difficulty PAPPASl8O modified the -method of estimating-ZA and based his calcula-
tions of Z, on the treatmenf of beta stability of CORYELL, BRIGHTSEN and
vPAPPAS.l8l 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 lines are used in different shell regions and dichntihuities appear
‘at the shell edges. Hence the calculated Z_ curves show discontinuities at the
shell edges and at points complementary to Ehe-shell edges. In PAPPAS treatment
attention is focused on the fragments at the time of scission before prompt
neutrons have been emitted; 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 gives values of.g—%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 Eq, (11.46). This is indicated in column 2 of Table 11.17

by the occurrence of mass numbers 87-90, 116-120, 137-140 and 155-158 in two

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

180. 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.

181. Coryell, Brightsen, and Pappas, Phys. Rev. 85, 732 (1952); see also
C. D. Coryell, Beta Decay Energetics, Ann. Rev. Nucl. Sci. 2, 305 (1953).
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Table 11,17
Values of 7
Shell group ,A -z, 612A/6 A
%Z < 50, N <50 70 31.2 0.38&
o 90 ' 38.9
Z <50, N> 50 87 38.6 0.39
. 120 51.7 7
'Z > 50, N < 82 116 49.0 0.35,
- 140 57.4
Z < 64, N> 82 137 57.8 0.35
158 65.3 - 7
Z > 64, N> 82 155 63.6 0.37,
A 3 ’

A. C. Pappas, as quoted in reference 182.
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shell groups, In these mass regions STEINBERG and GLENDENIN182 suggest the use
of the average of the ZA values from the two groups. :
‘ A summary of the experimental ‘data on independent fractional chain
fission yield is given in Teble 1l. 18. In the previous discuasion of "fine
structure” in'the messg-yield curve it was suggested that certain nucllides may
 be preferentially farmed in fission giving rise 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 & "normal”
chain yield is used to ‘calculate the fraction of chain yleld represented by the
observed independent fission yleld. These normal" chain yields represent the
yields which would have occurred without the extra contribution of a specific
preferred menber of the chain. 1In their 1955 ‘Geneva Conference report
STEINBERG end. GLENDENIN182 compared the charge ‘distribution curve shown here
as Fig. ll 46 with the data available at that time from several fisside nuclides
and found reasonably good agreement with the equal charge displacement
hypothesis. ‘ ‘ .
- In. 1956 KDNNETT and THODE183 reported some new results Which were not
in good agreement with the curve shown in Fig. 1l. h6 and indicated a need for a
revision in the theory. These authors used ultrasensitive mass- -gpectrometer ‘
techniques to measure the yields of Xe128 and XelBO relative to the heavier
isotopes Xe 131 whose fission yield was. accurately known. The amount of Xel28
: andeel3o so found could be taken as the measure of the primary ylelds of 1128
and 1130 which had decayed into the stable xenon. daughters before analysis.
vKENNETT and THOIE obtained yields which were too high by a factor of more than
lOO to fiv Fig. 11. h6 '

They reasoned that while PAPPAS 180 was correct in allowing for shell

effects in the evaluation of ZA it was necessary to go further and made a correc-
tion for shell effects in Zp. KENNETT and ’I‘HODE183 postulated a charge division

such that the greatest energy release occurs in the fission act. To make

182. E. P. Steinberg and L. E. Glendenin, Paper P/614 in Volume 7, Proceedings
of the International Confererce on the Peaceful Uses of Atomic Energy,
August ‘1955, United Nations, Geneva (1956).

- 183. T. J. Kennett and N. G Thode, Phys Rev. 103, 323 (1956)
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Table 11.18
35

Independent Fractional Chain Yields: Fission of U
with Thermal Neutrons :

Fission Independent fractional
product chain yielda Reference
91 min As O 0.09 | ‘ b
82 -4 4
*¥36 hour Br ' ~6 x 10 _) c
1.4 x lO_u a
1.6 x 10 e
¥19 day RbOC 1.2 x 107 e
- o 1.5 x 10 £
6k hour YO <3 xilojé h
- <8 x lO_llL w
_ <5 x 10 e
_ 91
14 min Rb ‘ 0.35 £ 0.05 v
9.7'hour-sr9l‘ 0.06-% 0.04 v
58 day Y& | <9 x 1073 n
S ~0.01 . w
*23 hour Nb96 9 x 10-5_& _ e
1.4 x 10 L i
_ (1.0 + 0.2) x 10 y
72.min‘Nb97 (1.7 % 1.3)‘x-1o”3 y -
*106 year Tc98 0.011 * 0.00L ¥
" 102 -7
%210 day Rh <2 x 10 k.
*25 min.IlZ8 1.0 x quu c
¥12.6 hour T'O0 2.8 x 107" c
s 131 '
24 min Te 0.1k 1
0.15 * 0.07 m
0.04 - 0.12 n
8.05 day T™oT <0.01 n
77 hour Tel32 0.356 = 0.17 o
2.3 hour I 37 <0.01 n
20.8 hour 1133 <0.05 n
5.3 day XeldS <0.001 - D
e 134
52.5 min I 0.12 f,n
9.2 hour Xe 3’ 0.035 p
: 0.0k49 q
0.027 r
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, | . Table 11.18 (cont'd.)
Fission " Indepéndent fractional
product - o chain yielda Reference
~ ¥13 day'Csl3§ ' ~1.0 x 1_73 o ot , 
. o 9 x 10~ ‘ ' Loe
27 yr Csl37 ‘ ~0.025 ' L Z
32 min Cs™ 0.0L45 + 0.005 z
: 139 | :
9.5 min CsT37 0.17 * 0.03 ¥
8l min Bao” 0.011 * 0.005 v
66 sec csHO 0.34 % 0.05 v
12.8 day Ba' " 0.07 + 0.03 v
40.2 hour La™*° 7.0 x 107" W
L1k . ,
26 séc Cs 0.52 £ 0.08 X
-18 min Ba 0.27 = 0.06 X
3.7 hour Lati (h:x 2) x 1073 X
77 min Lat*? 0.018 £ 0.006 X
1.0 sec Xelu3 8.5 x lO_3 ' g
*5.3 day pirt*3 <1.o'LL

*Indicates shielded isotopes.

a. based on measured total chain yield{
b. N. Sugarman;.Phys. Rev. 89, 570 (1953).
J. Kemnett and H. G. Thode, Phys. Rev. 108, 323 (1956).
'Feldman, L. E. Glendenin, and R. R. Edwards, p. 598 in ref. u.

o o

0]

Cook, results cited in m.

=
B 9o

Glendenin, Technical repbrt No. 35, Laboratory for Nuclear Science,
I.T. (1949).

Wahl, J. Inorg. and Nuclear Chem. 6, 263 (1958).

Reed, Phys. Rev. 98, 1327 (1955).

Gilmore, unpublished results cited in g.

i

.O‘Kelleyvand-Q. V. Larson, unpublished results cited in g.
Swartout and W. H Sullivan, p. 856 in u. '

. Glendenin, unpublished results cited in g.

o8]
Pr o @S ER QRS
®F 9w =EaQ

5 H & <

C. Pappas, Proceedings of the International Conference on the Peaceful

Uses of Atomic Energy, Geneva, 1955, Vol. 7, pp; 3-14, United Nations (1956).
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- Table 11.18 (cont'd.)
. A. C. Wahl, Phys. Rev. 99, 730 (1955). Data for Te
5% .Sb 13t decaying to Te 31. '
A. C. Pappas, Technical Report No. 63, Laboratory for Nuclear 801ence,;
M.I.T. September, 1953. ‘ '
. Katcoff and W. Rubinson, Phys. Rev. 2;, 1458 (1953).

131

- corfected,for the

S
E. J. Hoagland and N. Sugarmen, p. 1030 of u.
¢. F. Brown and L. Yaffe, Can. J. Chem. 31, 2h2 (1953).
bN.»Sugarman, p. 1139 of ui . o
G..P. Ford and C. W. Stanley, Atomic Energy Commlssxon Document, AECD -3551
( .

"Radiochemical Studiesi The Fission ?roducts", edited by C..D.‘Ceryell
.and N. Sugarmen, NNES, Plutonium Project Record,nDiv; TV, Vol. 9, McGraw—
Hill Book Co., Inc:, New York (1951).

R. L. Ferguson, Thesis, Department of‘Chemistfy, Washington University,
January, 1959. ' ’ . ' '

W. E. Grummitt and G. M Milton, J. Inorg Nuclear Chem. 5, 93 (1957).

D. R. Nethaway, Ph.D. Theésis, Washington University, September, 1959.

D. E. Troutner, Ph.D. Thesis, Washington University (1959).

K. Wolfsberg, Ph.D. Thesis,HWashington University (1959).
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- quantitative predictions it was necessary to have some means for €stimating
masses of nuclides far removed from stability. They used the mass formula of
KUMAR -and PRESTON18M which includes shell effects and spih'terms. The calcula-
tions of KENNETT and THODEl83

curve which remained near 50 for fissionemasses from A ;’128 to A = 1324 which

_based on this mass equation resulted in a Zp

is quite different from the behavior: of % determined from the treatments of
e 1

GLENDENIN, CORYELL and EDWARDS-'C or of PAPPAS. 80 Ipe primery yields for T-20

185

were accounted for much more Satisfectorily. GRUMMITT and MILTON .also dis-

cussed the maximum energy. release hypothesis.

ALEXANDER and CORYELL186 asserted that the general application of the
method of KENNETT and THODEl83\te all mass regions is open to serious question.
This method of calculatingVvapredicts longer chain lengths in the heavy frag-
ments than in the light. -They dttempted to correlate measured fractional
chain yieles in low energy fission, with Zp calculated according to the
postulate of maximum energy release. and concluded that:the scatter of the data
was worse than for the original postulate of equal charge displacement.

Subsequent to these reports WAHL187

to the problem .of charge distribution in fission. First of all he materially

made a substantial new contribution

increased the data by using an ingenious method to measure the primary-and
cumulative yields of nine short-lived isotopes of krypton and xenon. In his
experimental method the fission products recoiling from a thin sample of U235
were caught in a layer of barium stearate powder, a materiel which has a
hegligible tendency to retain cccluded gases (a characteristic referred_to as
high emanating power ). The rare-gas fission products then immediately escaped
into a large evacuated space. There the inert gases decayed depositing their
longer-lived descendents on a filter-paper liner. Comparison of the descendent
A activities found on the liner and in the barium stearate powder gave the

fractional cumulative yields of the inert gases.

184. K. Kumar and M. A. Preston, Can. J. Phys. 33, 298 (1955).

185. .W. E. Grummitt and G. M. Milton, Chalk River Laboratory Report CRC-69L,
ARCL-453 (1957). v
186. J. M. Alexander, and C. D. Coryell, Phys. Rev. 108, 127k (1957).

187. A. C. Wahl, J. Inorg. Nuclear Chem. 6, 263 (1958).
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warr 87

vields. Because of the uncertainties which we have just recounted about the

combined his fiew data with all the previous data on independent

proper method of caiculaﬁihg'the Zp function, WAHL reasoned that it might be a
good idea to determine it empirically. He assumed that the charge distrihution
curve of Fig. 11.46 was correct. Then when.eaoh‘independent.fractionél'chain |
- yield: (plus a few cumulative ylelds) was placed precisely on the assumed
_oharge distribution curve, the correspondlng value of Zp was automatlcally
fixed. The results are plotted -in Fig. 11,47 in which the light and heavy
reglons are folded so that the total Z = 92 and the total A = .233.5 (V =2 )

A smooth continuous curve passes through all the points. except those for mass
numbers 96 and 98 1n whlch case reasonable explanatlons could be given for the
small dlscrepaney, Some geheral features of the emplr;cal Zp curve are the
following: A p ,
(1) In the regions.where the ZA functions are not influenced.by shell®
edges, the Zp curve is approximately eqpi~distant»(for complementary mass

numbers) from the two Z, lines as proposed in the _postulate of equal charge

A
displacement. = The ZA lines shown are those proposed by CORYELL. 181
(2) In the regions where the ZA 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 Z functlon .of
the type observed in the PAPPAS treatment. 80 g

(3) The Zp line tends to approach and remain close to the 50-proton .
shell edge as proposedvby'KENNETT and THODE.183
tendency for it to remain close to the 82.(or 50) neutron shell as they proposed.

.Several of WAHL's studentsl88 have contributed newer data on independent

However, there is no pronounced

and cumulative yields which arc significant for an analysis of the equal charge
displacement hypothesis in its.various formulations. Much of this data is
listed in Table 11.18. NETHAWAY188 developed the charge distribution curve
shown in Fig. 11.48 which is véry similar to GLENDENIN'S curve (Fig. 11.46) but
gives somewhat better agreement with the data available in 1959. Experimental

data are -shown in the figure to indicate the extent of the agreement or

188. See 1959 thesis studies, Department of Chemistry, Washington Uhiversity,
by Ferguson, Nethaway, Troutner and Wolfsberg.
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disagreement. NETHAWAY evaluated the Z 's from Eq. (11.46) using: ZA values .as
given by GRUMMITT and MILTON-Y. A sim?lar £it is obtained if wamr 507
empirical method of determining the Zp functien is used. '

Since so much depends on the validity of this charge distribution curve
it is important to check 1ts correctness by determlnlng the independent yields
of several members of the same fission product chain. FERGUSONl9O collected
‘data on three members each of the chains of mass 91, 139 and 140 and found that
the data for all three chains was consistent with the standard curve.

It would appear that a combination of WAHL'S 87 empirical Z curve and
the empirical curves of either Fig. 11.46 or ll.h7 provides a satlsgactory
basis for correlating the data on low energy fission 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.

The correlations of nuclear charge distribution which we have just
reviewed seems to fit well nearly all the available data for slow.neutron
fission of U233, U235 and Pu239 and for the spontaneous fission of several
heavy element nuclei. The question arises whether these same correlations
hold in the case of nuclei caused to fission w1th high energy neutrons or high
~energy charged particles. WAHLl89ameasured fission yields for U 235 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 Vv of about 5 but he considered that there was
insufficient evidence that the nuclear- -charge distribution pattern remains the
same. FORD19 presents the case for close similarity in the distribution
patterns, using data_for.Br825 1132, l3h, and Cs 136 from U 235
14 Mev neutrons. ALEXANDER and CORYELLlS6 considered the cases of U

irradiated with

238 and

189. W. E. Grummitt and G. M. Milton, J. Inorg. Nucl. Chem. 5, 93”(1957).
189a. A. C. Wahl, Phys. Rev. 99, 730 (1955).

.190. R. L. Ferguson, Thesis, Washington University, January, 1959. Some of
Ferguson's data is given in Table 11.18.

190a. G P. Ford, U S. Atomic Energy Commigsion Report AECD- 3597, unpublished.
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.Th232_caused to figsion by captufe’of-l3.6.M9v 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 wifh the equal charge displacement
postulate in.every instance and poor agreeﬁent with the hypothesis that the
neutron-to-proton ratio of the fission products was the same as that of the
fissioning nucleus. |

» On the other hand, a thesis study by GIBSON19 of fission induced in. the
following cases-=(Pu 239 20 Mev deuterons), (Np 237 4 31 Mev deuterons),
(Np 23T 4 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 displacement hypothesis. However, certain features of the
independent yield distributions which GIBSON got when he plotted his data
according to the\constantfcharge—to-massfratio hypotehsis led him to the
conclusion that the actual charge distribution may be intermediate to the two
cases. o | ' _

CHU and - MICHEL19 studied independent fission yields of several isotopes
in ‘the fission of U235,andvU238 targets bombarded‘with 45.7 and 24 Mev helium:

ions. They agree with GIBSOﬂchat the true charge distribution must fall between

the two postulates but that the eqpal—charge—displacement hypothesis in its |
typical form gives the poorer fit._CHU.and_MICHELl92 tried various prescripticns
for computing the Z and Z, parameters. One interesting fact they noted was

A 181,189
that if cone abandons the Z, functions’ which trace out all the shell

influenced dlscontlnultlesAln the ground state masses of stable nuclei and’ uses
instead a smooth ZA function which ignores pronounced shell effects then one can
use the equal- charge dlsplacement treatment and obtain an excellent fit 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 proper-

.ties'of the fragments, whereas in low energy fission it clearly is.

191. 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 Glbson, R. A. Glass, and G. .T. Seaborg,
Phys. Rev. .

192. Y. Y. Chu and M. . C. Mlchel, unpubllshed results (1959), see thesis study by
Y. Y. Chu, issued as University of California Radiation Laboratory Report

UCRL-8926, Nov. 1959.
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.In the case of fission induced by charged particles 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,énergy of
the fissioning nucleus is not urnique. Instead the'fission products come from
a variety of fissioning nuclei excited to a variety of energies. This is fully
,dlscussed in the next chapter PATE, FOSTER, and ¥AFFE 193

cussion of this problem in a study of nuclear charge distribution in the

give a typical dis-

fission of thorium with protons at mine proton energies between 8 and 87 Mev.
It is known deflnltely from the work of PERLMAN and GOECKERMANN]'9LL
the fissionwof bismuth with 190 Mev deuterons that in this case at least the
equal charge displadement.hypqthesis 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.
A method of investigating the nuclear charges of the prlmary fragments
which is fundamentally. dlfferent from any discussed so far, in this section is
the one tried by CARTER, WAGNER, and WYMAN. 195

the energy spectrum of x-rays in coincidence with fission.fragments by using a

These experimentalists observed

thin Nal crystal for K x-rays and a proportional counter for L x-rays. The
resolution of this method is only fair but with improved technigue this approach
may give a good picture of the entire distribution in nuclear charges. The
observed x-ray speétra are influenced by.severai 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 vacancies produced by the
formation of the fragments. ,

Further comments on chargec distribution in high energy fission are

deferred until the ﬁext chapter.

193. B. D. Pate, J. S. Foster, and L. Yaffe, Can. J. Chem. 36, 1691 (1958);
B. D. Pate, Can. J. Chem. 36, 1707 (1958).

194. R. H. Goeckermann and I. Perlman, Phys. Rev. 76, 628 (1949); see section

195. Carter, Wagner and Wyman as reported by Leachman in Paper P/665,
Proceedlngs of the Second International Conference on the Peaceful
Uses of Atomic Energy, .United Natlons, L958
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11.6 KINETIC ENERGY OF THE FISSION FRAGMENTS

Shortly after nuclear fission was discovered by the radiochemical work
of HAHN and STRASSMANN, 196
experlmentally by FRITSCH. o7 He measured ionization pulses produced in an

the large energy release in fission was measured

ionization chamber contalnlng a uranlum sample 1rrad1ated w1th neutrons A
short time later JENTSCHKE and PRANKL 198 resolved the ionization pulses into

. two groups which corresponded_to fragment energies of about 60 and about 100
kev. JOLIOTl99 demonstrated'the»iarge 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
wkinetic 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 of kinetic energy release, (2)
time-of-flight measurement of fragment veloeity,,(3) ranges of the fragments

in gases and foils, and (u)'calorimetric measurement-of total energy release.

11.6.1 Ton-Chamber Measurement of Fragment En %X Dlstrlbutlon in. Slow
Neutron ,Fission of U235 233 and Pu - Pu 39 The energy of f1551on fragments can

LV VNP AN

be obtained from the 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 centimetersj hence,

a shallow ionization chamber is sufficient to stop the fragments eompletely.

The ionization charge collected is very closely proportional to the fragment
kinetic energy. The method involves (1) an jonization 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 spontaneous fission a neutron source

is not 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

Hahn and F. Strassmann, Naturwiss. 27, 11, 89 (1939).

196. O.

197. 0. R. Frisch, Nature 143, 276 (1939). | |
198. W. Jentschke and F. Prankl, Naturwiss. 27, 13l (1939).
199. F. Joliot, Compt. rend. 208, 341, 647 (1939).
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pulse amplifier which amplifies this pulse up“to a Voltage suitable for detection:
and (4) an oacilloscope, a pulse height analyzer, or other device for deter-
mining the relative number of-pulses of various sizes. If the pulse height to
- energy relationsnip'is cOrrectly'calibrated- a plot of the number of recorded
events versus. pulse helght gives the dlstrlbutlon of fragment energies. ‘'The
reader is referred: elsewhere200 206 for a detailed discussion of the ionization
process-and of the de81gn of 1on1zatlon chambers

If flSSlOﬂ fragment energles are. studled in a simple 1onlzatlon chamber,
only one fragment from éach fission event is observed, since the other is stopped
in the foil upon which. theﬂfissionable material.is deposited or in the wall of
the chamber. Slnce it is COmpletely random whether the light .or the heavy frag-
ment in any -one case is slowed down in the ionization’ chamber gas, a study of
che pulses from a large number of fissioning atoms will show a double humped
distribution correspondlng to the light and heavy fragments. '

More information is obtained if- both fragments: are studled s1multaneously
in a twin-back- to—back 1onlzat10n chamber in Wthh the fissionable material is
mounted on a thin fllm, which serves as a common cathode 207 209 This method

vas highly developed by BRUNTON and HANNVAZ'C snd BRUNTON and THOMPSON. ™

200, Ghiorso, Jaffey, Roblnson, and Welssbourd Paper No. 16.8, "The Transuranium
'Elements , National Nuclear Energy Series, Div. IV, Vol. lhB McGraw-Hill
Book Co., Inc., New York, 1949.

201. Bunneman, Cranshaw, and Harvey, Can. J. Research 27A l9l (l9h9)

202. D. H. Wllklnson,.”Ionlzatlon Chambers and Counters s Cambrldge University
Press, Cambrldge (1950

203. Herwig, Miller and Utterback, Rev. Sci. Inst. gé, 929 (1955).

204k. B. Rossi and H. H. - Staub, "Ionization Chambers and Counters",
McGraw-Hill Book Co., Inc., New York, 1949,

205. H. H. Staub, "Detection Methods", Vol. I, "Experimental Nuclear Physics",
edited by E. Segre, .John Wiley and Sons, New York, 1953.

206. H A. Bethe and J. Ashkin, 'Passage of Radiations through Matter", Vol. I
"Experimental Nuclear Physics", edited by E. Segre;, John Wlley and Sons,
New York, 1953. .

207. W. Jentschke,. Z. Phys. 120, 165 (19k2). ,

208. Flammerfeld, Jensen and Gentner, Z. Phys. 120, 450 (l9h2).

209. M. Deutsch and M. Ramsey, Report MDDC-945 (1945).

210. D. C. Brunton and G. C. Hanna, Can. J. Res. 284, 190 (1950).
211. 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 shown
in Fig. 11.49. A thin sample of uranium or plutonium 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 f1s51on, the two
fragments travelLed in opposite d;rectlons into the two. chambers. The electrons
formed by ionization in the argonecarbOn dioXide gas‘mixture were collected on
the two collecting anodes.' Frisch grids kere used to shield the collecting
'electrodes from charges induced by the slowly- mov1ng positive ions. . The
_ flSSlOnlng 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 angle from ‘the source. ‘These would have exces51ve jonization
" losses owing to obllqpe passage through the source, and to loss of electrons to
. the chamber walls’caused_by fringing field effects.  Only coincident pulses
were acceptedpfor measurement. Inladdition, pulse—height.analyzers were used
to determine the size of the coincident pulses. On the gate side the analyzer
consisted usuallyrof>a single-channel 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 anaiyzer.

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 g 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 propertles of these three curves are
given in Table 11.19. _

.The results obtained by BRUNTON .and HANNAZlQ for U

Fig. 11.51. 1In this series of experiments the gate was‘systematioally'moved

235

are shown in

from the low-energy side of the low-energy peak to the trough region and

across the high-energy pesk. 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 o
- secure fast rising pulses. Frisch grids are used.to
shield the collecting electrodes from charges induced

by the slowly-moving positive ions. From Can. J. Research,
reference 210.
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Fig. 11.5L. Spectra of fission fragments of U235 in
coincidence with companion fragments of the energy -
specified (BRUNTON and HANNA)ZIO Gate width was
5 Mev. From Can. J. Research. ' E
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Table 11.19

Comparison of fragment energy distribution in slow-neutron fission of

%35 4?33 ana Pu®3? (Refs. 210,211)

1233 B35 py239

Most probable energy of light fragment (Mev) R 93.0 9k.5 ok.6
Most probable energy of heavy fragment (Mev) v 56.6 60.2 65.2
Ratio of most probable énergies 1.64 1.57 . 1.45
Width at half meximum of high-energy peak (Mev) 1k 112 W
Width af half maximum of low-energy peak (Mev) 22 .20 ‘ 24

| Width at half maximum of tbtal energy curve (Mev) ' 22 - 25 .27
Mass ratid for most probable total energy 1.26. 1.23 1.20
Total energy for most probable fission mode*(Mev) 149.6  15h.7 159.8

X% ’ .
Note: -These values are not corrected for an ionization defect; see Table
11.20.
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233

and Pu239. The results of these runs are interesting and

somewhat different than might have been:expected.

1.

When the energy gate is .set on the heavy fragment group the energy

distribution. of the correspondlng light group is almost independent

- of the position of the gate, and, conversely, when the gate is set

on' the llght fragment group thecenergy dlstrlbutlon of the 001n01-
dent heavy group is almost independent of the p051tlon of the gate.

The partial distribution covers nearly the whole range of the com-

'plete spectrumfof_one group. The distributions are not identical

however, and thevshift that does occur is such that as the gate
energy is increased, the corresponding'diStribution-maximum also
increases. » t o j ‘
Item (2) may be restated in this way: 'a heavy fragment of'}éggg
than average,energy for the heavy group will be paired on the
average with,a light fragment of lgﬂgrfthan average energy. . The
‘correspendiqgfsitﬁation with the Eﬁéﬁ distribution curve is quite
different. Since.the sum of the masses is constant, a heavy frag-
ment of higher than average mass for the heavy group must be paired
with a light fragment of lower than average mass. Thus the dodble—
humped energy distribution curve is not even approximately a-simple‘
inversion of the double-peaked mass distributiam curve, as was first
pointed out by JENTSCHKE and PRANKLZ? and re-emphasized by

BRUNTON and -HANNA.

-A particularly interesting curve is Fig. 11.51 (h) which shows that

“if the gate pulse is chosen to correspond to the central energy

minimum the coincident pulse distribution instead of being a single
peak'also,eentered»at the central energy minimum (as one might have
expected) is a double~humped curve with maxima close to the energy
peaks of the total‘distributidh. If the energy curves were an
inverse picture of the mass curves, this experiment would have
resulted in a single maximum at the same energy as the gate or

perhaps two small maxima very close to this energy.

21la. W. Jentschke and F. Prankl;,z. Physik 119, 696 (1942).
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‘5. Making use of the factithat-the‘energy ratio is.the inverse of the -
mass ratio (ELML = EHMH where M and E refer to mass and,energy,nand
I and H to light and heavy fragments, respectively) it is possibile
'to calculate the most probable mass ratios. _

6. - Wide ranges in the release of kinetic energy-are observed; The
maximum‘Variation;aesociated'with a fixed mess ratio is about 50
‘Mev' which is close. to the maximum variation for the total distribu-
tion.’ The spread at nalf the maXimum probability is 20 Mev. A
corollary of this is that a coincidence measurement of the energy
‘or velocity of the fragment pairs is neéded to obtain the total
energy or mass distribution in any fission event. Observations of
energy or velocity of only a single fragment, even if carried out
with great accuracy, are insufficient to give this information.

7. The variaticn in the most probéble 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 STANLEY212 in an analysis
of fission fragment ranges. See Fig. 11.70.

The results of all measurements by the back-to-back ionization chamber
coincidence method can oe summarized compactly in a contour diagram of the type
shown in Fig. 11.53. The masses ML and MH’ the velocities VL and.VH and the
total kinetic enepgy,'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
HANNAZlO and. BRUNTON and THOMPSONle do not check within experimental error
with the values obtained by calorimetric measurements or by velocity measure-
ments on the fragments discussed later. This discrepancy has prompted a ..
reconsideration of the assumptions of the calibration method. The basic

assumption has been that fissionvfragments and alpha particles expend the same

212. S. Katcoff, J. A. Miskel, and C. W. Stanley, Phys. Rev. T4, 631 (1948).
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Fig. 11.53. Contour diagram of fission modes of U 35.

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% COp. -About 20,000 events were recorded.
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average energy per ion.pair formed so that alpha particles of known energy can
be used to calibrate the chamber KNIPP and. LING213 pointed out that the energy
loss of a slow heavy particle is due predomlnantly to recoiling atoms so that '
ionization by secondary heavy particles contributes a large fractlon of the
total ionization resulting from a slow heavy;rlmary part;cle.stopped in a gas.
if_the secondaryﬁheavy?particie.iohization efficieucy[is.lcw, as it is‘in
argon, the overall effiéienéy_f@r thegproduction of ion'pairs'is greatly
reduced for low energies>of the.primary particle .The decrease in ionization
over that expected from ‘the energy -ionization Tatio, ch, derived from data on
alpha particles is referred to as the 1onlzat10n defect Because of th1s
ionization defect, f18510n fragments expend larger averages. of energy per ion-
pair in the counter gas Furthermore the énergy- 1onlzat10n ratlo of the.heayy
and llght fragments,‘ and wi respectlvely, are sllghtly dlfferent

LEACHMANZlLL 21, has analyzed jonization chamber- data to deduce the
factors leading to,these‘dlscrepanc1es. He found that to ‘make the mass-yield
curve derived from ioniZation.chamber data agree with the'radiochemical results
he needed an ionization ‘dispersion of 8 Mev per fragment (full-w1dth at half-
maxrmum) in the resolution of fission fragment energies. 1In addltlon, Leachman
had to assume an ionization defect of 6 t0'7 Mev in the 1onization energies at
the most probable mode. The ex1stence of the defect was .confirmed by trans- N
formlng the ionization energy contours of BRUNTON and HANNA 2l to a velocity
distribution and comparing the position of these distributions w1th the dlrectly
observed 51ngle fragment veloc1ty distributions. The shift in energy from

,BRUNTON and HANNA'S value is then computed from the equation:

NE AN RR-7A\'

1 1 + 1

E.  m, V'
1 1

i .

where i stands for light or heavy fragment and E, m, and V are energy, mass,

and velocity respectively. The result of this calculation is that an idnization

.

K. Knipp and R. C, Ling, Phys. Rev. 82, 30 (1951).

213. Jd.

214. R. B. Leachman, "Tonization Yields of Fission Fragments", Phys. Rev. 83, 17 (1951).
215. R. B. Leachman, Phys. Rev. 87, Lhk -(1952).

216. H W. Smitt and R. B. Leachman, Phys. Rev. 102, 183 (1956).
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defect of 5.7 Mev and 6.5 Mev were found for the light and heavyifragments,
respectively, of U232 yhen the chamber gas was argon plus a few percent of CO,.
If o is the energy/ionization ratio for alpha particles these figures
correspond to fragment energy/lonlzatlon ratlos,ai =1.06 w o and - Wy = 1.11 w_.
When this total energy differential of <:£EL77AV <?AE y =27+ 6.5 Mev =
12.2 Mev is added to the 154.7 Mev reported for the average total kinetic of
the fragmenfs.from U235 a corrected value of 166.9 Mev is obtained in excellent
agreement with the calorimetric value of 167.1 % 1. 6 Mev and the fragment
velocity value of 167.1 Mev.

STEIN217 performed a similar series of velocity measurements and con-
firmed fully LEACHMAN'S analysis. Figure 11.54 shows the energy distributions
of:eingle:ffagments computed from STEIN'S velocity distributions and compared
with BRUNTON and HANNA'SZlO and BRUNTON and ’]?HOIVJ'.F’SOl\T'82]'l ionization data. The
shift of the two sets of data with respect to each other elearly reveals the
jonization defect. The two sets of data are compared again in Table 11.20.
where the ionization defect values are given 1n numerical form.

SCHMITT and LEACHMAN216 studied the 1on1zat10n Versus- energy relation-

235

ship for fission fragmehts of U in_several gases. The values of ionization

defect which they obtained for these gases are given in Table 11.21. ‘HERWIG and

21 . .
MITLER 8 have measured relative ionization yields for fission fragments in

various gases

11.6.2. Ion Chamber Measurements of F gment Ener%X Dlstrlbutlon in

spontaneous Fi FlSSlOn The distribution in the kinetic energy of fragments from
240

the spontaneous fission of natural uranium and of Pu has been determined in

219,220 Such experlments

a preliminary way by the 1onlzatlon chamber method.
are difficult because of the low specific activity toward spontaneous fission.
Plutonium-ZhQ has a spontaneous fission rate of only 1.6 x 106 per gram per

hour and the corresponding figure for U238 has the much smaller value of 25.

217. W. E. Stein, Phys. Rev. 108, 94 (1957).

218, L. O. Herwig and G. H. Miller, Phys. Rev. 95, 413 (1954).

219. -W. J. Whitehouse and Galbraith, Phil. Mag. E&, L29 (1950).
E

220. . Segre and C. Wiegand, "Energy Spectrum of Spontaneous Fission Fragments",

Phys. Rev. 9k, 157 (1954).
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Fig.. ll gh Energy dlstrlbutlons of single fragments from
and Pu239. The solid curves represent
convers1on of STEIN'S2lY velocity data into an energy -
distribution. The dashed curves are renormalized data
from double-ionization-chamber measuremgfis > of BRUNTON

and HANNA,210 and BRUNTON and THOMPSON. Figure from
Stein, reference 217.
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Table 11.20

Comparison of ionization data and velocity data on the fission fragments of

1233 239 239

s and Pu. — jonization defect values

Ionization data Velocity data

U3 PP p39 mer. U3 00 m®F ger.

Light fragment , . - | - 210,

energy ' "~ 93.0 ok.5 k.6 211, 97 98 100 217
Heavy fragment  | ‘ 210,

energy o 56.6 60.2 65.2 211 66. 67 T2 217
'Light fragment = |

ionization defect 6.1 5.7 5.2 .215

Heavy fragment

ionization defect 7.3 6.5 6.4 215

Total energy 163.0 166.9' 171.4 ' 1632 165%2  172%2

Note: The ionization data refer to most probable values whereas the time-of-
flight data refer to average values. :
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’l‘able 11.21
Ionization defect and energy/ionization ratio of U235
* fragments in various gases
[Schmitt and Leachman, Phys. Rev. 102, 183 (1956)]

Pission

e Tmmer  Toimde G gy,
 Argon 4'3%.002 ' Heavy 'v6.3ft,0.5 1.0 % 0;02 '
| Light 6.5+ 0.8 1.07  0.02
Argon Heavy vs.s't_o.é : 1.09 + 0.02
| | Lignt © 5.1%0.8  1.05%0.02
| Niﬁrogén 'Heavyf ‘ ,.5.3,1 0.5‘.“ ‘1,09°% 0.02 .
 Light . 6.3%0.8 ‘_ © 1074002
Neon .~ Heavy . . hL8%0.7 . 1.08% 0,62 R

Light . 4.3 % 1.0 1.05'% 0.02
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MOSTOVAYA has- nonetheless measured the fragment energy distribution in the case
of PuZAO using the double ionization-chamber techniques;zzoa

In the case of even-even isotopes of higher Z elements the. spontaneous
fission half lives are much shorter, as 1§ apparent at a glance ih,Fig. 11.30
of Section 11.3.6. This opens up the possibility of a detailed study of fission
fragment energy distributions. HANNA and co-workers221 reported some preliminary
measurements on szhz using a single ionization chamber. SHUEY222 has studied
szuz using a double ionization chamber similar in general design to that of
ERUNTON and HANNA. 0

photographic measurement of pulse height as registered on an oscilloscope to

Instead of electronic pulse height analysis SHUEY used

determine ionization caused by individual pulses. One scope was provided for
each chamber and suitable circuitry was provided to make it possible to identify

pulses which occurred simultaneously. SHUEY222 collected data on a few thousand

events and plotted a contour diagram similar to Fig. 11.593. The principal
characteristics of the energy distribution in the spontaneous fission of szuz
are given in Table 11.22; the numbers quoted there have been corrected for
ionization defect. |
SMITH, FIELDS, and FRIEDMAN
. technique to collect fission fragment data for the spontaneous fissibn,of.szuu,

PuZhO) Pu?uz, cr22? andvazsu.

223-226 have used the double chamber

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 Cf25 as it

is almost ideal for studies of this type. This nuclide has a half life of only

220a. 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. '
42,

221. Hanna, Harvey, Moss, &nd Tunnicliffe, "Spontaneous Fission in sz s
Phys. Rev. 81, 466 (1951) (Letter).

222. R'Z&Z Shuey, "Fragment Energy Distribution in the Spontaneous Fission of
Cm ", University of California Radiation Laboratory Report, UCRL-959 (1950).

223. A. Smith, P. Fields, and A. Friedman, Phys. Rev. 106, 779 (1957).
224. A. Smith, A. Friedman, and P. Fields, Phys. Rev. 102, 813 (1956).
225. A. Smith, P. Fields, A. Friedman, and R. Sjoblom, Phys. Rev. 111, 1633 (1958).

226. Smith, Fields, Friedman, Cox, and Sjoblom, Paper P/690 in the Proceedings
of the Second United Nations International Conference on the.PeacefullUses
of Atomic Energy, Geneva, 1958, United Nations Publication, 1959.
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References to Table 11.22

a
b.

o o

5o o

[N

See reference 225.
See reference 217.

See reference 226.

See reference 223.

Shuey, reference 222, -

E. P. Steinberg and L. E. Glendenin, Phys. Rev. 95, 431 (1954).

Refer to Section 11.h.2. . o

L. Glendenin and E. Steinberg, J. Inorg. and Nuclear Chem: 1, k45 (1955).
See reference 22L. o o

See reference 227.
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82 years for spontaneous fission and.an alpha-decay-to-spontaneous-fission-

252 T

decay ratio of only 30. One microgram of Cf -gives rise to 4 x 10
 spontaneous fission events per minute; hence a very thin source provides a
very convenient number of_fiséion:events for rapid collection of data and
there is only a modest background of alpha particle radiation, from which the
fiss10n fragments can be discriminated e381ly In addition to the work.of
SMITH, FIELDS, and FRIEDMANEZ
applied to C£°°% by BOWMAN and THOMPSON |
This nuclide has also been carefully studied by the time-of-flight techniques

the double ionization chamber techniqué ‘has been

227, and by HICKS and co-workers.228

as is discussed below _

Figure 11.55 gives a contour plot of the results taken from an. analy51s
of 5000 spontaneous fission events. Fragment mass distribution, energy distribu-
tion and asymmetry canvbe_obtained directly from this diagram. . It.is, perhaps
easier to visualize‘the kinetic energy distribution by the plot shown.in Fig.
11.56. The gross probability‘distribution for the fission fragment energies
are shown and in addition,vthe.distribution in the energy of one fragment when
the energy of the second is selected. This figure is similarvin all respects to
Fig. 11.51 which shows the analogous energy distributions in the fiSSion of U €35
induced by slow neutrons. All the comments made previously 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
directiy from the contour diagram of Fig. 11.55.

The fragment energy distributions can be converted into mass-ratio

* .
distributions using the approximate .equality

227. H. Bowman and -S. G. Thompson University of California Radiation 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.

228. Hicks, Ise, Pyle, . Choppin, and Harvey, Phys. Rev. 105, 1507 (1957)
229. W. E. Nervik and co—workers, unpublished data, 1958

*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 ratios
is given in an appendix of a paper by Terrell, Phys. Rev. 113, 527 (1959), see
also Brunton and Hanna.‘ : ‘



208 - UCRL-9036

ENERGY OF HEAVY FRAG. (MEV)
50 60 70 .80 90 100

120

1o

100

ENERGY OF LIGHT FRAG.(MEV)

5
so AL
TN ST TR TS
X

Q~
KSR
<
’/ 4 /I/ ‘//I / & /1\\(\0 40
/ / / 4 /’ N
80 A7 7 7
.0

L7 L6544 L3 L2 LI |

M E
MASS RATIO—H ~ —=
My

MU—=18903

“Fig. 11.55. Relative probabilities of szs_z spontaneous
fission modes. All energies have been corrected for
an ionization .defect amountinﬁ to 7 percent per fragment.

SMITH, FRIEDMAN and FIELDS.22



NUMBER OF EVENTS

-209- © UCRL-9036 .

1000 |—
900}
800
700
600}
500}—
400}
300}
2001

100—

50

— ' 1000
— . 900,
104.0 . ;
— 800
— 700
098 600

500

\ 400
109.8

|
NUMBER OF EVENTS

— 300

— 200

1158 . 100

60 T0 80 90 100 110 120
E (Mev)

€(Mev)

800
1000~ -1

900}~ ]
. 800 ' 7 A —
700~ ‘ A —
600 740 80.0 —
500[— ' —

400} -

NUMBER OF EVENTS

300 ’ 74.0 -
200 . 680 T ' —

100 ) —

50 60 ™ 80 S0 100 110 120
E (Mev)

. MUB-381

11.56. The fission fragment kinetic energy distribu-
tion for Cf252. The top curve in each case is the total
distribution. . The circled points indicate energy
intervals selected by 3 Mev window on gate pulses from
one-half of a double Aonization chamber. The corres-
pondingly labelled distributions are the coincident
energies measured in the other chamber. -BOWMAN and
THOMPSON. 227 An ionization defect correction of 6.1

Mev has been added to all experimental data.
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My B
This conversion has been made in Fig. 11.57 where the resulting mass-ratio
distribution is compared with the radiochemical yield data of NERVIK.229 The
ionization data give a most probable mass ratio of 1.33 compafed to the value
of 1.34 obtained from the chemical enalysis These data are in excellent
agreement with the time-of-flight measurements reported 1n Section 11.6.3.

It is interescting to make an overall comparison of fragment energy data
for many fissioning nuclides obtained by the double ionization chamber technique.
This is done in Table 11.22. We note that the propertles of fission are very
much the same in general features for all the fissioning nuclei llsted The
total fragment energy is a slowly increasing function of the fission parameter
ZZ/A up through szuz. At Cf252
energy for higher values of ZZ/A. The mass of the most prebable heavy fragment

: 252 254
stays constant at about 1LO except for the heaviest nuclei, Cf 2 and Fm 2 .

the trend 1is reversed with decreasing total

To compensate for this the mass of the most probable light fragment must shift
252

steadily upward with the mass of the fissioning nucleus, except for Cf and.

Fm25u. These trends are summarized in Fig. 11.58. )

The double ionization chamber technigue of establishing fission modes
can be used-in coincidence with other detectors to measure other properties of
fission. Such applications are discussed in later sections of this chapter.

We wish also to call attention again to the neat use of the double ionization
chamber technique by BOLLINGER to deduce the mass-yield curve. ‘This application

is discussed in Section 11.4.4 and a sample curve is shown in Fig. 11.39.

11.6.3 EEEELQ£ZE%35£E~¥§E§ETeméntS of Fission Fragment Velocity.
LEACHMAN23O introduced the time-of-flight method for determining the velocities
(and hence indirectly the energies) of the fission fragments. -As is shown
schematically in Fig. 11.59, velocities were measured by the time-of-flight of
the fission fragments through an evacuated drift tube. The time origin of each

measurement is prov1ded by the pulse P from the fission fragment traveling the

233 U235 and

- 230. R. B, Leachman, "Velocity of Fragments from Fission of U R

Pu239" | Phys. Rev. 87, kil (1952).
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MASS RATIO DISTRIBUTION
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L MASS LIG AGEME _ ‘MU-19421

Fig. 11.57. The mass ratio distributions for C£2°° from
ionization ‘measurements and radiochemical yield data.
BOWMAN and THOMPSON. 227



_2lo- UCRL-9036

%——— = Energy

|
|
X—= Mass g
' |
|
| 180 e N

170

Total Fragment Energy in Mev

Mass of Primary Heavy Fragment

// . % 144 _|
‘%/ ‘ ’ 142 |
A4

160 / . 140

— —'7 —— X—X—X —
X X
/ % 138 |
ThEIO ()23 lj234 p 292 p 240 ' cqz« Cm22 cf2s2  pp25¢ ’
35 316 . I/ ‘/3]7 ) 318 39 \\

|
ZYA ' _ ‘
' MU-18905

Fig. 11.58. Shifts in total fragment énergyzand the mass of
the most probable heavy fragment with Z“/A. Figure from,,.
Geneva paper by Smith, Fields, Friedman, Cox and S.joblom .
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230

time-of-flight

Fig. 11.59.

Schematic diagram of LEACHMAN's

equipment.

The time sequence illustrates that the less

frequent pulses Py from the fragments which travel the
length of the drift tube initiate the oscilloscope dis- -
play, the pulses Py from the complementary fragments are
delayed by the maximum transit time,’ and the mixture of

P] and Po are in addition, delayed for proper
oscilloscope presentation.
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1l cm distance from the fiésion source to the nearest anthracene scintillation
detector. The time-of-flight of the complementary fragment through the 343-cm
drift distance determines the time of occurrence of Pl’ the pulse from the
remote detector. . Fission was induced by a beam of thermal neutrons from a
reactor. In order to decrease the number of the recorded data the less frequent
pulses Pl from-thgvfemote détectpr were used to initiate the oscilloscope dis-
plays of the pulses. Photographs of these sweeps were analyzed for the distri-
bution in time-of—flightp'vThe detectors. and circuits used in the experiment
gave pulses with rise times of ~1o'8 seconds, short compared to the 0.2 to 0.5
microsecond flight-time'Qf_fragmentsvthrough the 343-cm drift distance.
LEACHMAN23O measuféd the velocity distribution.of fragments from the
- fission of U233, U235} and Pu239.and compared his results with velocity distri-

2105211 cf fragment

butiong. derived from the eariier ionization measurements
energy distributions. The time-of-fiight'data were more satisfactory because

of the lower dispersion introduced by this method of measurement and because of
the ionization defect inherent in the ion-chamber technique. The time-of-flight
technique can achieve, with reasonable'fragment flight distances, energy
dispersions perhaps half the size of those estimated to be inherent in the
ionization-chamber method. Furthermore; since the time-of—flight measurements
permit the mass ratio of the fragments to be determined from a velocity ratio,
rather than from an energy ratio, the dispersion in the measurement of a mass
ratio by time-of-flight is slightly less than half the corresponding dispersion
obtained by the ion chamber method. The limitation in the time-of-flight
precision in principle lies in the effects of the fragment recoil from neutron
emission. '

LEACHMAN and SCHMITT331 measured the velocity distribution of fission
fragments slowed by péésage through aluminum or nickel absorbers and detected
fine structufe 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 the fission mass yield confirms the

influence of the 82-neutron shell in the fission act as distinguished from its

331. R. B. Leachman and H. W. Schmitt, "Fine Structure in the Velocity
Distributions of Slowed Fission Fragments", Phys. Rev. 96, 1366 (195h4).
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influence in post-fission boil-off. No velocity fine structure was observedvby
233 gna pu?3? -

The usefulness of the time-of-flight technique was greatly increased by

this method in the fragments from U

prov1d1ng for the measurement of the velocity of both fragments in a double

drlft tube apparatus33 “334

analogous in conception to the double ionization
chamber apparatus we have :discussed previously. A schematic.diagram of the
apparatus is shown in Fig, 11.60. A thin sample of fissionable material

mounted on a thln foil is placed in the center of the double drift tube. The
velocities of the two fragments from a single fission event are measured by
thelr time-of -flight through flight.paths of 269 centimeters. .The flight time

. for the llght fragment is about 180 mllllmlcroseconds, the time resolution is
about 5 millimicroseconds correspondlng to a mass resolutlon of two to three
mass units. FlSSlOn was induced in the fissile material by a beam of thermal
neutrons. The apparatus may also be used .for a spontaneously- f1ss1on1ng sample.
One difficulty in this type-of experiment is setting the initial time of fission
since meither fragment is available to trigger the_recording sequence. This
problem is solved by utilization of the large number of eleetrons (about 50 to
100) ripped out of the thin backing foil when one of theifragments passes'through
it on its way down the drift tube. These electrons are accelerated to a high
potential and electrostatically focused on a plastic phosphor mounted on a -

335

photomultiplier tube. This d-ray electron detection system produces a pulsé

PO which signals the beginning of the fission event with a time resolution of

5 x 10 -9 seconds. The f1551on fragments are detected in sc1nt111at10n crystals
of 2-inch diameter and 8-inch dlameter, respectlvely, mounted on photomultlpller
tubes at the opposite ends of the drift tubes. The larger diameter detector
corrects for non-collinearity introduced by neutron emission and by fragment
-scattering in the source. .The time sequence of “detector pulses is displayed in

the schematic diagram.

332. W..E. Stein, Phys. Rev. 108, 94 (1957). ,
333. W. E. Stein and S. L. Whetstone, Jr., Phys. Rev. 110, 476 (1958).

334. J. C. D. Milton and J. S. Fraser, Phys. Rev. 111, 877 (1958); also published
as Paper P/l99J Proceedings of the. Second . Unlted Nations Conference on the
Peaceful Uses of Atomic Enerod, Geneya, 1958. :

335. W. E. Ste;nmand.R. B. Leachman, Rev. Sci. Instr. 27, 1049 (1956).
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Fig. 11.60. Schematic diagram of STEIN'S332_timefof-flight
apparatus. Pulses were amplified by Hewlett-Packard
460A and L60B amplifiers and delayed by appropriate
lengths of RG?/U cable. The fragment time-of-flight
is the time between the occurence of Py and Py and that
of the complementary fragment is the time between:the
occurrence of Py and Pp. 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 50- Mc/sec Slgnal
from a crystal-controlled oscillator.
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233 235 239

‘STEIN'S332 data on the slow neutron fission of U --, U ~” and Pu
sre shown in Fig. 11.54 and Table 11.20 which.appear in Section 11.6.1. In his
paper STEIN presents contour plets of his data, from which more detailed
.examination .of fission properties can be made. One interesting correlation is
shown in Fig. 11.6l.which displays the average total kinetic energy as a
function of mass ratio. There is a dip in this curve for mass ratios close to
1. This same dip is seen in the ion-chamber measurements-(compare Fig. 11.52).
and .in radiochemical range measurements (compare Fig. 11.70).

333,334

Velocity measurements have also been made™ " on the fragments from

the spontaneous f15$1on source, Cf252 Kinetic energy distributions and primary
mass-yield dlstrlbutlons determined by STEIN and WHETSTONE333 are shown in

Figs. 11.62 and 11.63. The time-of-flight. technique has been employed in
333 33k

coincidence with neutron to measure'neutron

and gamma ray detectors
multiplicity and gamma ray spectra coincident with spe01flc modes of fission
as characterized by total klnetlc energy and mass ratio of the fragments.

These studies are summarized later in this chapter.

11.6.4 Measurement_of Fission.FragmentmRanges.* The calculation of the
_interaction of fission fragments with matter is a difficult undertaking as can
be seen by considering the process in only moderate detail. At the time of
scission the fragments are accelerated to quite hlgh veloeities.'-These frag-
~ments are highly charged due to serious disruptibn of the uranium electron

cloud during the fission process. As early as 1940 PERFILOV336 measured the

» deflectlon of fission fragments expelled from th1n layers of U308 and reported
.a net charge of about 20. The later measurements of COHEN_and.co-workers337 b
"show that the most probable electronic charge of a-Zr97 fragment is 21 units.
Due to this charge the fragments ionize and excite atoms which are at some
distance from the fragment path and thereby lose energy. Some of these elctrons
are captured by the'fragment and the net charge of the fragment is_gradually
reduced. Occasionally there are direct collisions with atoms resulting in a

complicated rearrangement of the electronic system of the fragment and the

336. N. A. Perfilov, Compt. rend. Acad. Sci. USSR 28, 5 (1940).
337. B. L. Cohen, A. F. Cohen and C. D. Coley, Phys. Rev. 10k, 1046 (1956).

#The subject 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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struck atom. These nuclear encounters in which kinetic energy is imparted to
the stopplng 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. _ i . |
_ This slowing down process would be very difficult to calculate for a
single fragment species with a well defined initial energy and charge. This
calculation_isvall the more difficult for the fission fragments which censist

of a wide variety of products. Even when a single spec1es is .considered there

is an appreciable dispersion in energy and net charge. COHEN, COHEN, and COLEY337
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.h4 percent
for the energy distribution corrected_for-broadeﬁing due to prompt neutron ’
emission. STEIN332 found the somewhat lower value of 8.1 percent from an
analysis of the velocity. distribution of fragments of mass 97. From COHEN“S337
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 qualltatlve differences between the energy loss of
fission fragments and alpha particles along their range. -Due to the slower
velocities and continual’ decrease in net charge of fission fragments the
ionization sharply decreases along the range invcontrast.tq the case of alpha
particles or protons which exhibiv an‘increasing ionization with decreasing
velocity. At the very end of the range of fission fragments the energy loss
due to nuclear collision increases. In alpha tracks observedvin cloud chanbers
nuclear branching due to nuclear collisions is rare, occurring only once in
several thousand tracks. Nuclear scattering is prominent in fission fragment
tracks and sometimes occurs repeatedly in a single track. |

Theoretical treatments of the energy loss of fission fragmenﬁs have

been made338—3LLl by several authors with reasonably good success &8s far as the

338. N. Bohr, Phys. Rev. 58, 654 (1940); 59, 270 (19u1), Kgl. Daﬁske._
Videnskab., Selskab, Mat.-Fys.Medd. 18, 8 (1948).

339. W.-E. Lamb, Jr., Phys. Rev. 58, 696 (1940).

340. J. Knipp and E. Teller, Phys. Rev. 59, 659 (19k4l); see also Brunlngs
Knipp and Teller, Phys. Rev. 60, 657 (1941).

341. See geneml review of Bethe and Ashkin in Vol. 1 of "Experimental Nuclear .
Physics", edited by E. Segre, John Wiley and Soms, Inc., New York, 1953.
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general features go. It is beyond the scope of our review to discuss these
theories and we llmlt ourselves to a few comments about the results due to
BomR. 33° | |
_ According to BOHR'S development the total energy loss per centiméeter is
expressed as: V | .

, . : 2 scr
,hneu' eff l.lZB,mvj hﬂeh MIMZ MY
— (2 )2, 7 err T 2% Z Log § .
mv - we Zj MZV Ml Z‘Zizz e

1 4E |
N ax ~

5 - (11.u7)
The terms in this exprec81on have these meanings:
N is number of atoms of the stopping medium per cublc centlmeter
Ml .and. M are .the masses of the fragment and of the absorber.
Zﬁ ande “are the charge of the fragment and of the absorber:
efis the eLéctronic~charge and m is the electronic mass
v is the fragment veLoc1ty

z :
'Ze*f is the effective charge of the fragment; at the bevlnnlng of the

1 range this quantity is about 20.
ser

a12 is an 1mpact parameter which tells at What dlstance 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 electroms in the atom.

The,first“term‘expresses'ﬂﬁcenergy loss attributable to electronic excitation
of* the absorber atoms while the second describes the transfer of* energy by
nuclearicollisions. At the beginning of the range,where Z is about 20, the

eff

electronic term is domlnant but toward the ‘end of the range when A drops -

toward 2,the fractibnal contribution of the nuclear term rises rapidly and
becomes more important. When protons or alpha particles are stopped in matter
the nucleer scéttering never becomes important because.of.the low value of Zl'
The greater importance of nuclear scattering in the total range of heavy frag-
ments has the 1mporta nt conseouence that the range will show an appreciable
straggling. The dissipation of an appreciable fraction of ‘the total kinetic
energy by nuclear scattering also accounts for the ioniZation defect which is
discussed in Section 11.6.1. 1In stopping gases such as argon, commonly used
.in ionization chambers, 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 thelapplicetion,of the Bohr relation is the evalua-
tion of - Zeff. -As- the fragment passes through matter it continuously gains and
loses electrons and 1t is very dlfflcult to calculate the equilibrium charge at.
every value of the kinetic. energy BOHR assumed as a first approximation that
the fragment loses all of its electrons whose orbltal velocity is smaller than
the velocity.of.the-fragmentvluself. This assumption has been commonly used
in evaluating this and related equations. More recently FULMER and COHEI\ISA2
have measured the equilibrium charges of fission fragments of a variety of
fragment masses and velocities by magnetic-analySis of fission.fragmeuts slowed
by gases at various pressures. ‘Their results indicate that BOHR'S assumption
is only.a rough approxiuation. An earlier study by LASSEN3A3-3uA ais0'gathered
.data on the variation’ of equilibrium charge with,gas pressure.

_ f We turn .now to a discussion of experimentél data on the stopping of
“.fission fragments. In the first years after uhe discovery of fission, a number
bof authors3LL5 studled the mean ranges of the two main groups of .fission 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—worker53h6’3LF7 determined the mean ranges of the fragments in the gases
listed -in Table -11.23.

TassEn3*®

fission fragments after passage through various amounts of the chamber gas and

~studied the ionization produoed-in_an ionization chamber by

thus obtained a differential -ionization curve along the range. Measurements

342.. C. B. Fulmer and B. L. Cohen, Phys. Rev. 109, 9k (1958).
343. N. O. Lassen, Phys. Rev. 69, 137 (1946).

344, N. O. Lassen, Kgl. Danske. Videnskab. Selskab. Mat-fys. Medd. 26, No. 12
(1951); see also Vol. 30, No. 8 (1955). ‘

3&5; See for example the references and dlscu551on given in Ref. 353 below and
the review article of L. A, Turner, Rev. Modern .Phys. 12, 23 (1940)

346. Bpgegild, Arroe, and Sigurgeirsson, Phys. Rev. 71, 281 (l9h7);
347. Bhggild, Minnhagen and Nielsen, Phys. Rev. 76, 988 (1949).
348. N. O. Lagsen, Dan. Matt. Fys. Medd. 25, No. 11 (1949).
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Table 11.23

Mean. Range of Fission Fragments of_U2_35

Air Hydrogen . Helium Argon Xenon .

(mm) (mm) (m) (om) (i)
Ligat fragment " oe5.h 17.7 23 . 19.4 18
Heavy fragment 19.5 22,1 28 23.9 o3
(Total range) L4ho ‘38.8 | 5L k3.3 , ,“i

Values for air taken from B¢gglld Mlnnhagen and Nielsen, Phys. Rev. 76, 988
(1949). |

Other. Values taken from Bﬁgglld Arr¢e, and Slgurgelrsson Phys. Réﬁ.‘zg, 281
- (1987).
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were made in argon, xenon, hydrogen, deuterium and helium. .Such measurements
show clearly the predicfed rapid drop in specific ionization during the first
part of the range where electronic interactions are dominant. By combining
his resglis with experimental range values of others and by use of ‘that part of
BOHR'S stopping formula which should describe the nuclear collision part of the
energy loes’expresSion, LASSEN constructed curves such as that shown in Fig.
ll.6h showing energy ioss along the entire range. The ionization defect effect
was not found until later and a proper correctlon of the data would change
LASSEN'S curves somewhat as- FULMER?’LL9 has pointed out. )

ULMER3 k9 measured the energy of fission fragments after passage through
vafious thicknesses of . absorbers. The energy measurement was made with a CsI
scintillation detector whose pulse helght—versus energy curve was well cali-
brated by reference to the data of LEACHMAN and SCHMITT.SSO Thesevlatter

authors used the very accurate time-of-flight technique (Section 11.633) to

235 233 239

measure the velocity distributions of fission fragments of U and ‘Pu
which had passed through é thin metallic absorber. Three absorber thicknesses
of alumihum, two of nickel, one of gold and one of platinum were used.

FULMER349 separated fission fragments of U235

means of a magnetic fission-fragments spedtrométer plaged closento a research reactor.

into light and heavy groups by
 These selected fragments were reduced in energy by passage through gaseous or
metallic stopping materials ana then allowed to impinge on a CsI scintillation
crystal. The date.are'summarized.in.Figs. 11.65 and 11.66. These figures show
the energy of median-mass light and heavy fragments as a function of the thick-
ness of'absorbers.throﬁgh_which they have passed the intercepts of these curves
on the zero energy axis are basedﬂon the radiochemical range. measurements of
5uzorR3?? and of KATCOFF, MISKEL and STANLEYS”S cited below.

In a related series of measurements FULMER and COHEI\I:au2 used their high
2

‘resolution magnetic spectrometer to measure the equilibrium charges~of U 32
fission_ffagments as a function of velocity after passage through an absorber

gas. The reeulté are summarized in Figs. 11.67 andvll.68. ' -

349. C. B. Fulmer, Phys. Rev, 108, 1113 (1957).
350. .R. B. Leachman and H. W, Schmitt, Phys. Rev. 96, 1366 (1954).
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Fig. 11.64. Energy loss curve for fission fragments stopping
in hydrogen and deuterium. Curves were constructed by
LASSEN3"*® from his experimental measurements and the
N. BOHR energy loss formula.338 The open circles are the
experimental values found in Hy (after normalization) and
the full circles are the corresponding values in Dy. Data
uncorrected for ionization defect; see reference 349.



_Fig.

ENERGY (Mev)

-227-

UCRL-9036

100
STOPPING MATERIAL
80 | HYDROGEN
- HELIUM
\ |
ALUMINUM
60 \\ \\ — |_ _l ARGON
v dyd NICKEL
g e GOLD
40 , '
\\ AN \\\
20 \ ~
\ "\\Q\\ N \\.\\
LN NN ~
o} 2 4 6 8 10 12
RANGE (mg/cm?)
h ~.MU-18840

o 349 . ‘
11.65. FULMER'S curves showing energy of median-mass
light fission fragments of u23 (magnetically selected)

as a function of range in various materials.

The

residual energy after traversing the absorber was
measured by a CsI (T1l) scintillator.
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Fig. 11.66. FULMER'S curves showing energy of median-mass
heavy fission fragments of ye3 (magnetically selected)
as a function of range in various materials.
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Fig. 11.67. Equilibrium charges of median-mass light and
heavy fission fragments as functions of velocitﬁ in
various gases as measured by FULMER and COHEN.342
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Fig. 11.68. Equilibrium charges of unslowed fission frag-
ments as functions of atomic number of stopping gas.
Solid lines are data of FULMER and COHEN3YZ; broken
lines grg data of LASSEN. 348 Figure by FULMER AND
COHEN 3%*¢,
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-Radiochemical studies of the range of specific'fissidn fragments have
been carfied out. In one type of experiment the fragments are allowed to
penetrate a stack of thin foils which are dissolved separately and»analyzed‘
radiqchemically for specific fission products. FINKLE, HOAGLAND, KATCOFF, and
SUGARMAN351 studied the ranges in‘aluminum of light fission products from the
slow-neutron induced fission of U235. SUZOR352 studied the ranges of Tel32,
Mo?9, and Zr97 from,U235 fission in several'foil materials. He studied the
effect of slow neutrons and fast neutrons. Some of his results for aluminum
~are givenbin Table‘ll.zh, SUZOR made a very careful determination .of the shape
of the range curve and gave a good description of the factors influencing range
straggling. He also studied the stopping power of several materials relative
to aluminum. ALEXANDER,aﬁd GALLAGHER35A: measured séveral ranges in aluminum
and compared them with the results of previous studies. When plotﬁed on one
curve the data shown in Table 11.24 form a smooth curve provided the numbers of .
FINKLE, HOAGLAND, KATCOFF and SUGARMANS”' are multiplied by the factor 1.O8L.

A more detailed radiochemical study of fission fragment ranges was made
by KATCOFF, MISKEL, and-STANLEY353 who studied the ranges of twenty individual
nuclides with mass numbers between 83 and 157 formed in the slow neutron

239

fission of Pu Collimated fission fragments passing through air at 120 or

140 mm pressure were .deposited after being stopped by the air on a series of

14 extremely thin Zapon lacquer filmé. These foils were analyzed radiochemically
for individual fission products. The corrected activities were plotted.agéinst
distahce traversed yielding differential range curves whose widths at half
maximum were 11.7 £ 1.3 percent. (See-Fig. 11.69). This range straggling can

be attributed to a distribution in the initial energy of the frégments,,to an
_experimental dispersion caused by the analytical method, and to true range

straggling attributable mainly to the nuclear collision part of the stopping

351. B. Finkle, E. J. Hoagland, S. Katcoff, and N. Sugarman, Papers 45 and L6,
"Ranges of Fission-Recoil Fragments of Known Mass Numbers" in "Radiochemical
Studies — The Fission Products", Div. IV, Vol. 9, McGraw-Hill Book Co.,
Inc., New York, 1951. - :

352. F. Suzor, Ann. de Phys. 4, 269 (1949).

354.. J. Alexander and M, F. Gallagher, University of California Lawrence

. Radiation Laboratory Report, UCRL-8978, December, 1959, unpublished.

353. S. Katcoff, J. A. Miskel and C. W. Stanley, Phys. Rev. Th, 631 (1948).
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o Teble 11.24 .
_Ranges of Ppecific Fission Products in Aluminum. U235+slow neutrons.
, Extrapolaﬁed
Fission ‘ range2, , . : '
product — ;(mg/cm,).  - - Uranium target - Author-
702 0 nzo U on Ni backing
A h.27 . : U on Cu backing
pet3? 3.62 U on Ni backing [ .. - Suzor3’C
3.55 . ' | U on Cu backing 
AM099 R k.27 U on Cu backing
8 k.12 )
st 4.02 .
ﬂiil . Alexander -
Ag - 3.51 U on Al backing and 352a
115 : ' : : ‘Galla gher
-Cd 3.33
131 .. o .
I 3 ' 3.37
_Baluo, , 2.98
Sr89 : B 3.7M-\
ze? 3.64
10 B |
RS 3.57 |
' : Finkle
_Te129 3.34 ? U on Pt backing et al.35l
3t 3.16
B0 2.75
cet™t 2.69
Celuh S 2.54 |
Y
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Fig. 11.69. Differential range curves for typical fission 353
products as determined by KATCOFF, MISKEL and STANLEY.-

‘Thevordinate for each curve is .entirely arbitrary.
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process. The major part of the:observed straggling is caused by the first of
these factors. ' o » _ v_

The activities found. Béyond each distance were plotted against distance
yielding 1ntegral Tran ge curves from which mean and extrapolated ranges could be
derived. These ranges are tabulated in Table 11.25 and presented graphically

~in Fig. 11.70. Qhe,most str;k;ng feature of this figure is the dip in the

center which suggests that’the division of the nucleus into two equal fragments
minimizes the.kiget;c.epergy releaseg Similar dips are seen .in the lonization
chamber measurements of‘kinetic-energy and time—of—flight measurement of the
velocities of“thecfragmeﬁts;aevoan be seen in Figs. 11.52 and lL;6l3 respectively;
“however, the mass resolutiontof these other methods is muchvpoorer sovthat the
dip and the interpretation are less definite.+

NIDAY355 has remeasuréd ranges of. about 20 selected fission products of
U235 by an'ihtegral range technique. A f01l of U 235 was irradiated with slow
neutrons and those fission ?rbducts which escape 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 layer of the target foil escaped into the catcher. Quantitative
radiochemical analyses were made of specific fragments in both foils. From the
relative amounts of specific fragments in both foils, and from the thickness of »
the uranium foil it wasipossible to compute the range of the product in uranium
metal. NIDAY'S results are glven in Table 11.26 and Fig. 11.71. .The shape of
the curve is very similaqxghat of Fig. 11.70. One interesting resul£36for Whlég

the explanation ds not clear, is the low values of the ranges for Cs and Rb

both of which are "shielded" nuclides. Their ranges fall about 10 percent below

the curve.

355. J. Niday, University of California Radiation Laboratory, Livermore, Report
UCRL-5816 (1960) unpublished.

SWIATECKI has made the interesting suggestlon that the central dip in Fig.
11.70 may be caused by a strong preference for symmetric mass division in
those fission events which are accompanied by the emission of an energetic
alpha particle. W. J. Swiatecki, private communication.

235

-i..

+

Foils of normal uranium and of uranium enriched in U were used.
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Fig. 11.70. Extrapolated range (76 cm pressure, 15°C) of
' plutonium fission fragments in air as a function of
mass. Figure from KATCOFF, MISKEL, and STANLEY.3°3
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. Table 11.25

vExtraﬁolated and mean ranges of plutonium fission fragments in normal air,
and the straggling as indicated by the widths at half-height of
the differential range curves. KATCOFF, MISKEL and STANLEY3>3

Normalized

extrapolated. Normalized | Average width at
Mass range mean range half-maximum
nuniber Isotope . (em) - (cm) " (percent)
83 2.4-hr. Br 2.895 2.63 134 % 1.5
91 9.7-hr. Sr 2.738 - 2.55 1.4 =+ 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. ¥ 2.687 - 2.52 10.5 + 0.7
97  17-hx 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 11.4 * 0.6
109 13.4-hr. PQ 2.508 - 2.36 ©10.7 * 0.9
112 2l-hr. Pd 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. SD 2. 243 2.09 12.5 £ 0.5
132 . 77-hr. Te 2.198 u 2.05 11.5 + 0.6
133  60-min. Te 2.180 2.0h © 11.8+ 0.8
(134) 43-min. Te 2.180 2.0k 11.h % 1.3
140 . 12.8-day Ba 2.080 1.92 12.6 1.3
- 1h3 33-hr. Ce 2.040 1.89 '11.8.£ 0.6 -
149 47-hr. 61 1.977 1.82 S 13.1 % 1.2
1.9%9 1.79 15.1 + 1.3

(157) 15.4-hr. Eu




Integral ranges of fission products of U

_238_

Table, 11.26
235

. UCRL-9036

measured in[uranium metal
o d. Niday,'Unpublished results : L

- Standarad

' ~Mass’ . Number of Range deviation
Element number determinations mg/cm2 o
As s 1 12.9 0.2
Rb 86 1 10.5 0.1
Sr 89 6 11.55 0.05
Sr 90 1 11.9 0.3
Sr, Y 91 3 11.5% " o0.07
Y 93 1 11.35 0.08
Zr 95 2 11.36 0.0k
Zr 97 2 11.36 0.03
Mo 99 7 11.17 0.06
Ru 103 2 11.23 - 0.08
Ru 106 2 10.9L 0.10
Pa 109 2 10.1L - 0.
Ag 111 2 9. 74 o.
Pa 112 2. 9.61 10.05
cd 115 3 9.52 0.09

Sn 125 3 9.1k 0.09
Sb, Te 127 3 9.58 0.06
Te ‘ 129m 2 9.75 0.03
Te 132 3 9.63 .0.03
Cs 136 2 8.36 0.06
Cs 137 2 9.18 0.06
Ba 140 Lo 8.7% - 0.05
Ce 141 3 - 8.55 0.06
Ce 143 L 8. 42 0.0k
Ce 14k 2 8.37 0.11
Nd 147 1 8.07 10.05
Sm 153 1 743 0.07
Eu 156 1 7.1 0.1
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ALEXANDER and,GALLAGHER35u"carried through a series of experiments in
which the penetration ofiselected.fission ?roducts thfough 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 comblnlng these radiochemical data with the
velocity data of LEACHMAN and SCHMITT35 ' on_f1551on fragments which nad
penetrated various thicknesses of absorber ALEXANDER and GALLAGHERsSQﬂ were
‘able to construct curves showing range-versus-velocity and range-versus-energy
for fission fragments of median-light mass and median-heavy mass. This is an
important paper for those who use range measurements oﬁ fission fragments or
other heavy energetic charged ions as a way to determine the energy of such ions.
The curves derived by these authors are appreciably different from those of

FULMERS™® given in Figs.: 11.65 and 11.66

11.6.5 CalorigeEE%ENMeasurement of the Ener%z Released in Flss1on. In
1940 HENDERSON3 made a calorimetric measurement of the energy released in a
13 gram sample of metallic natural uranium when the sample was irradiated with
moderated neutrons from a beryllium target bombarded with protons. He
obtained a value of 177 Mev * 1 percent per fissioning nucleus.

In 1955 LEACHMAN and.SCHAFERO™
under considerably more favorable conditions and obtained a value of 167.1 &
1.6 Mev. LEACHMAN and SCHAFER361

ing a null indicator for heat measurement. To determine both the heat produced

were able to repeat the measurement
used a differential type calorimeter employ-

by the fissions and the number of fissions pfoducing the heat a combination of
a calorimeter and a fission pulse counter was. used. The number of thermal
neutrons passing through the sample was determined by small U235 monitor feile
placed in front of and in back of the calorimeter. The amount .of heat.released
in a 220 mg'sample of U237 (93 percent isotopic purity) was determined by the
amount of electrlcal energy required to heat the sample to the same temperature.
The uncorrected_result indicated 170.1 Mev * 1.0 Mev per fission. The p0351ble

effects of beta-particles, gamma-rays and neutrons in producing heat had to

356.. R. B. Leachman and H. W. Schmitt, Phys. Rev. 96, 1366 (195L).
360. M. C. Henderson, Phys. Rev. 58, 77k (l9h0)f
361. R. B. Leachman and W. D. Schafer, Can. J. Phys. iﬁ,‘357 (1955).
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be considered ‘ It was calculated that. energy supplled to the calorlmeter by
gamma-rays and.neutrons was negligibly small. S For the beta rays a
correctlon of 3.0 £ 1 Mev was estlmated The flnal result was 167.1 £ 1.6 Mev.
It is gratlfylng that this agrees so well w1th the value of 167 1+ 2 Mev
determined by LEACHMAN36
is significently.lerger than,the value of 15h.7 originally reported by

by ve1001ty measurements of  fragment veloc1t1es It

BRUNTON anhd HAI\]NA363 from ionization chamber measurements and confirms the
necessity for applying a correction for ionization defect as described .in
Section 11.6.1. : |

GUNN, HICKS, LEVY and STEVENSON
energy of the fragnents by a very similar calorimetric measurement and obtained
a value of 166 * 2 Mev in excellent agreement with LEACHMAN and SCHAFER. 361

STEVENSON, HICKS, ARMSTRONG and GUNI\T365 repeated this measurement on
238 by 14 Mev neutrons. -The

3654

‘redetermined the average total kinetic

the heat released in the fission of U235 and U
average total fragment kinetic energies were found to be 174 + L .and 175 %

Mev, respectively.

362. R. B. Leachman, Phys. Rev. 87, ikl (1952)

363. -D. C. Brunton and G. C. Hanna, Can. J. Research A28 190 (1950) see
Sectlon 11.6.1. '

364. S. R. Gunn, H. G. Hicks, H. B. Levy and P. C. Stevenson, Phys. Rev 107,
16Lk2 (1957).

365. P. C. Stevenson, H. G. Hicks, J. C. Armstrong, Jr., and 5. R. Gunn,
University of California Lawrence Radiation Laboratory Report UCRL- 5&55,

March, 1959; see also Phys. Rev. 116, Dec. 1959.
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11.7 PROMPT NEUTRONS EMITTED IN FISSION

11.7.1 The average number of neutrons emitted in fissibh.‘ The aver-
vage number ofrneutfons feleaséd in ﬁuclear fission is of the utmost practical
importance in the application of the nuclear chain reaction in nuclear reactors
or explosions. - The measurement of 5, the average number of neutrons emitted
per fission event, of «, the ratio df the cross sections for radioactive cap-
ture and fission,and of 7 , the,averagé number of neutrons emitfed per neutron
captured*, has been carried out. in many laboratories in many countries for the
important isotopes U233, U235 and Pu239X Many of these determinations were
discuésed.in the papers presented at the 1955 and 1958 Geneva Conférences on
the Peaceful Uses of Atomic Energy. The cross sections group at the Brookhaven
National.Léboratory compiled and eévaluated all data published up to May 1958
and arrived at the "world consistent set' of values reproduced in Table 11.27.-

The variation in ;;;as'a function of the energy of the neutrons causing
fission is shown in figure 11.72 plotted from the data listed in Table 11.28.
The figure and the table are taken from a paper by‘LEACHMAN366. Table 11.29
_also taken from LEACHMAN'SS66 paper lists data onyp for a few other nuclei.

Values of 7 do not change greatly with the energy of the neutrons.over
the range of neutron énergies encountered in most nuclear feactors, However,
'the'quantity' o undergoes strong fluctuations in the range of neutron energies
where resdnance absbrptidn gives cénsiderable strdcture to the cross secfion ¢
curve. See Section 11.363.‘ Therefore fhe value of g must also go through
strong fluctuations with neutron énergy. This variation inm , the number of
neutrons emitted per neutron absorbed, is an important quantity in reactor de-
sign; for example in calculating the temperature cbefficient of reactivity. -
Hence considerable experimental work has gone into a study of fhis variation by
direct counting of the fission neﬁtrons ejected from a sample irradiated With.
a mohochromatic beam of neuﬁroné. A discussion of such data is given by HARVEY
AND sAwDERs. 308 |
All neutrons, except for the small percentage of delayed neutrons,

discussed later, are emitted within a very brief period of time after the moment
' ) ‘ v ‘ : S T Co AL ‘d' (’ N

S e s " NG

¥ Theése quantities are related by the expression = v v
366. R.B.Leachman, Paper P/2467, Proceedings of the set?%3 United Nations Conf-
© erence on the Peaceful Uses of Atomic Energy, Geneva, 1958.
367. R.B. Leachman, Phys, Rev. 101, 1005 (1956)
368. J.A. Harvey and J.E. Sanders, Chapt. 1, Progress in Nuclear Energy, Ser.l,
Vol, 1. Physics and Mathematics, McGraw-Hill Book Co., New York, 1956.
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Table 11.27 Values of a,aﬂénd n fdr fission ihducéd,by néutrons of 0.0253

electron volts energy (2200 metersibec)*,*¥

Target nucleus | : ‘ . 3 - | B ;l +‘a . ;; n
U233 ‘ _ 2.51.+ 0.03 - 1.102 £ 0.005 2.28-+ 0.02
U235 S 2.47 £ 0.03 ~1.19 # 0.001 2.07 + 0.02
‘13'11239 - . 2.90 + 0.0 . . 1:38 =% 0.02 2.10 £ 0.02

*  "World ConsistentvSet", as given by D. J. Hughes and R. B. Schwartz,lu
"Neutron Cross Sections", Report BNL-325, Second Edition, July,.l958, .
for sale by Sgperintendent of Documents, U. S. Government Printing Office

. Washington, D. C. | o |

*%¥  Other dete;minations and discussionsvof these'quantities_are'given in:

/?Proceedingstf the International Conference on the Peaceful Uses of

Atomic Energy', Volume 4, United Nations, New York, 1956.

= average number of neutrons emitted per fission event.
= average number of neutrons emitted per neutron captured.

ratio of radiative capture to fission.

H Q 3 <l
1

+ 0 = ratio of absorption cross section to fission cross section.
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NEUTRONS / FISSION,7

R
| ‘U233 _}7;;

1 L 1 1 Lo ol 1 L

6 4 2 0 2 a4 &80 12714 16
NEUTRON ENERGY(MEV)

MU-18847

Fig. 11.72. Dépendence of V on the energy of. the néutrons
: inducing fission. The data and references are given in
Table 11.28. The lines show the dependence of v on '
given by the theoretical considerations of LEACHMAN32$
normalized to the thermal neutron experimental values.
Figure from a paper by LEACHMAN.3 ' :
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Table 11.28 The Average Number oi v of Fission Neutrons as a Function
of the Neutron Energy En J+fRtille: prepared by R. B. Leachman

En (Mev) A U233+n U235+n. U238+n Pu239+n
0 ' , 2.47 .os(x)f* ,
2.5h = .ob(a)’ 246 £ .03(a)" 2.88 + .oh(a)"
2.55 i'.OB(b)## 2.95 * ,06(10)§'fré
-6.3 ' 2.26 £ ,05(b)
2.26 £ .05(c)"
, . 2.22 + .11(a) "
0.08 2.58 + .06(c)  2.47 £ .03(c) 3.05 + .08(c)
0.7 ' g 2.52 + .10(d) - '
2.52 = .06(fF)
RO 2,48 + .05(g)
.0 2.84 + .30(n)
©2.8L £ ,35(F)
1.2 2;60 + ,05(1)
1.25 _ , 2.65 = .09(c) ‘
1.3% 2.69 +-.05(j)  2.61 + .09(g) | “ 3.08 £ .05(3)
1.5 2.57 = .12(J) 2.65 + .09(c)
1.6?* 2.58 £ .05(g)
1.8%F 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 2.6% £ .19(p) 2.35 + .18(p) " '
2.57F 3.04 £ .20(f) |
2.6%F | 3.5 + .2(q)
2.75 + .12(3)
3.1 2.86 + ,10(1i)
4.0 3.11 + .35(h) '
3.13 £ .31(n)
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Table 11.28 (cont'd.)

Eh (Mev). U233+n , U235+n ‘ U238+n _Pu239+n
3.06 + .12(r) © 3.01 * .12(r) 3,11 t .10(r) 3.43 £ .11(x)
L. 25 - - . 3.10 £ .ko(n) 3.66 + .40(n)
4.5 . _ : . 3.26 = .31(n)
4.8 ' ~3.20 £ .08(p)
5.0 - 3.24 + ,35(n)
14.0  hax 1s5(s) 3.5 & .15(s) b2 £ .15(s)
141 3.86 £ .28(p) L.s2 = .32(p) .13 ¢ .25(p) 4.85 -50(p)
' 413 % .24(t)  L4.50 = .32(t) |
_ L.hs + ,35(u)
CAkieo y k.55 & .15(v)
14.8 o7t 5(w) B o
15.0 h.h2 = 17(r) L.s1 £ .19(r) ho71 £ .20(r)
¥*

References given in'parentheses. Uncertainties include that of the standard
value.

*¥ .

Not plotted inm Fig. 11.72. This value was used as a standard to convert data

: 2
reported as a ratio with-thermal-neutron induced fission of U 35.

' Calculations normalized to these values.

T fﬁese values were used as a standard to convert data reported as a ratio

with thermal-neutron induced fission of-Uszvor Pu239.

3 Spontaneous PuZMO fission.

¥+ Effective energy of a neutron energy spectrum.

a. Hughes, D. J. and Harvey, 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. Gl, "Precision Measurements of v by the Boron

Pile", P/52, Proceedings Second Geneva Conferernce.

.C. Diven, B. C., Martin, H. C., Taschek, R. F., and Terrell, J. Date given by
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).
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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
U2 and its Dependence on the Energy of the Neutron Producing Fission,
OTCHET FIGUIAE (1955).  (see Bondarenko, I. I., P/2187, proceedings Second
Geneva Conference.) T

Hanna, R. C., Atomic Energy Research Establishment, Harwell, unpublished
report, (1956) .

Fovler, J. LQ; Oak*Ridge’Natiohal Leboretory unpublished report, (1956).

Kuzminov, Bis Dy Kutsaeva, L. 'S.; and Bondarenk038l.‘l.3 "Prompt Neutron
Numbers for the: Fast Neltron F1ss1on of U U , Th , and Np 5

Atomriays Energiya; 4:187-8, (1958).

Hansen, G. E., 1,05 Alamos unpublished report (1958). (See Leachman, R. B.,
P/665, proceedings Second Gereva Conference). : :
Blair, J. M., Los Alamos unpubllshed report, (1945).

Kalashnlkova, V. I oy Iebedov, V. I., and Spivak, P. E., RelaEége M%%gure-
§§§ of the Mean. Number of Neutrons Emitted in Fission of U nd
by‘Thermal Neutrons and by Neutrons Characteristic of a Flss10n
Spectrum, Atomnaya Energlya, 2:18~21 (1957).

Auclair, Ju Mo, Landon:,. H. H., and Jacob, M. Measurement of the Depen—

dence of ¥ on Neuttron Energy, Physica, 22: 1187—8 (1956) .

Bethe, H. A Beyster, J R ., and Carter, R. E., Los Alamos unpubllshed

report, (1955)

Aagge V.. "Effective Number of Neutrons Produced by the Fission of
and Pu Wlth Energies. 30, 140, 220 and 900 kev"' OTCHET FIGUIAE,

(1957) (see Bondarenko, I. I., et al. , P/2187, proceedings Second

Geneva Conference.)

Johnstone, I., Atomic Energy'Research Establishment, Harwgll, unpublished
report (1956).

Nargundkar, V. R;; Prabhyu, R. B,, Ramanna, R., Umakantha, N., and Khopkar,
P23 ., "Number of Neutrons Emitted per Fission from the Fast Fission of
" P/l632, proceedings Sec ond Geneva Conference.

Smirenkin, G. M., Bondarenko, I. I., Kutsaeva, L. 8., Mischenko, Kh.D.
Prokhorova, L. I., %.Sh%%%tenko, 'g., 'Mean Prompt Neutron Numbers
in the Fission of U 5 and.Pu by L4« and 15-Mev Neutrons,
Atomnaya Energiya, U: 188-90 (1958). o “

Graves, E. R., Los Alamos unpublished report (1954).

F%ggov, N. 2% and Taltszin, V. M., "Measurement of v and n for Fission of
and U by 1L4.1-Mev Neutrons, Atomnaya Energiya (in press). -

‘Flerov, N. N. and-: Tamanov, E. A., "Measurement of v for Fission of U by

14.1 Mev Neutrons’, Atomnaya Energlya (in press)
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Table 11.28 references (cont'd.)

V. -

Gaudin, M. and Leroy, J. L., "Measurements of Fission Cross-Sections and
of Neutron Production Rates", P/1186 (b), proceedings Second Geneva
Conference, . . , : :

Protopopov, A. N. and Blinov, M. V., "De termination ofé%%an'Neutron
Numbers Emitted from the 1k4.8-Mev Neutron Fission of U °7", Atomnaya
Energiya, 4:374=6, (1958).° :

Harvey, J. A., and Sand%§§, J23%.; "Summ gg of Data on the Cross Sections

and Neutron Yields of U- ) , and Pu"°’", Progress in Nuclear Energy,
2 . g )

Series I, 1:1-54 (1956). - ‘
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Table‘11.29 Variation of the Average Neutron Number* v from Fission

Induced by Neutrons with Energy En for Nuclides not Shown in. Fig.. 11.72

E'Eﬁ(Mév) fi' ATh23?+n‘A o Np237+h L Puzuo+ﬁ ,‘,:i.inugul+n
w0 - ‘ : 3.03#.06(4)
6.1, ‘ R © 2118:.09(e)

1t DR 2.81+.09(b) _ S o
o s a)
167 2.90% .0k(D). 3.37+.10(b)
2.5 - - 2.72¢.15(a) -
3.5 2.35¢.07(a)
2 L6 20( ).

¥  References giwven in parentheses. Uncertainties include that of the
standard value. '
pontaneous Pu fission.

T Average enérgy of neutron spectrum. Unlike Table 11.28, the spectra
are not combined with of(E)n.

~a. Kuzminov, B. D., Kutsaeva, L.S., and Bond%ggnkoé g. I.é "Prompt Neutron
Numbers for the ‘Fast Neutron Fission of U™-7, U 3 , Th 32’ and Np237’"

Atomnaya Energiya, 4:187-8,(1958).
b. THansen, G. E., Los Alamos unpublished report (1958). (See ILeachman,
: R. B., P/b65, proceedings Second Geneva Conference.)

c. = Gaudin, M. and Leroy, J. L., "Measurements of Fission Cross-Sections and
of Neutron Production Rates', P/1185(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).
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of scission, the moment of separatlon of the fragments, FRASER369 set a limit
—— 3 :

for the tlme of em1551on of prompt neutrons of less than 4 x 10 _4 seconds. ..

‘The value of v for fuclides deCaylng by spontaneous f1s51on ig given in
Table 11. 30 The most acecurate values reported in this table were measured by
counting_neutrons absorbed in large tanks of cadmlumnloaded liquid scintillator
solution. The efficienty of this detector (~80 percent) is much superior to
that of other detection methods. Because of the importance;of'this neutyorn:«
counting technique for the determination, not only of Ejbut of the probability
distribution P (y ) for the emission of 0,1,2 ;.. neutrons we shall give a few
details of the method in the next section, |

An‘interestingvcorrelation of 7 with mass number of the spontaneously
fissioning nucleus is revealed by figure 11,73« The significance of this trend
is not obvious s1nce there is no apparent correlatlon with the total energy
available or w1th 7 /Ag

11,7.2 Measurements of PSV ). REINES AND 00-WORKERS

use of large sc1ntlllator tanks as neutron detectors in connection with the

37Odeveloped the

Los'Alamos Neutrino experiment. Several groups have applied these neutron de-
tectors as counters for the neutrons emitted in fission. The dimensions of
the tank are notvcritical so long as a large volume is enclosed. A typical
tenk consists of a right cylinder 3,feet‘long and 3 feet in diameter made of
steel. The inside surfaces are coated with a highly reflective and protective
coating such as tygon plastic paint. The sc1ntlllator solution consists of
toluene in which are dissolved several organic compounds 1nclud1ng cadmium
propionate. Fast neutrons entering the tank are slowed by collisions with
hydrogen atoms, After thermalization the neutrons.are captured by cadmium which
has a huge thermal neutron capture cross section. vThe mean captnre time is
roughly 10 microseconds. The gamma rays released 'in the (n,Y) reaction excite
fluorescent radiation in the liqnid scintillator which is reflected from the
walls and partially gathered up by the nnmerous large; photomultpilier tubes
~facing into the solution from the periphery of the tank, The efficiency for

detection depends on several factors but is usually 70—85vpercent. Each cap-

369. J. S, Frasery Phys. Rev. 88, 536 (1952)
370. Reéines, Cowan, Harrison and Carter, 'Detection of Neutrons with a Large

Liquid Scintillation Counter,' Rev. Sci. Instr. 25, 1061 (195k4)
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Table 11.30
Average Number of Neutrons (V) Released in Spontaneous F1851on
Isotope K Neutron Detector Standard A _Ref.
U238 2.4+0.2 w‘BFB proportional counter . Standard Ra-Be éburce 1
Cn Subecritical pille experiment _ : _ 2
’I‘h'232 2.6%0.10 BF_ proportional counter | U238(V = Z.M)V 2
VPu236 1.89+0.20 Li%(Eu) Ra-Be n-source 3.
2.30+0.19 Large scintillaotr tank Puz“o(v = 2.257) N
_ Pu238 2.04+0.10 LiI(Eu) Standard Ra-Be source 3
| 2.33£0.08 Large_scintillafor tank ZLLO(v = 2.257) L
pyy 21O 2.0910.11  LiI(Eu) Standard Ra-Be source 3
2.257%0.046 Large scintillator tank ‘235+n(7 = 2.46) 5
pu?*?  2.3240.16  LiI(Eu) Standard Ra-Be source 3
2.18+0.09 Large scintillator tank Pu 24O(v = 2.257) L
m®? 3.0 £.0.3 . " | - -6
2.33+0.11 LiI(Eu) Standard Ra-Be source . 3
2.65:0.09 - Large scintillator tank 2MO(V = 2.257) b
_szuu 2.61+0.13 LiI(Eu) Standard Ra-Be source 3
2.84+0.09 Large scintillator tank 2m(v = 2.257) ﬁ
280+0.059 Large scintillator tank 35 n(v = 2.46) 5
2.60+0.11 Manganous sulfate solution Standard Po~Be source 9
Bk2u9 v3.72id.l6.  Large scintillator tank Puzuo(U = 2.257) 11
c£?®  2.9260.19  large scintillator tank pu?*0(7 = 2.257) 11
Cf252_ 3.52+0.16 - LiI(Eu) | ‘ Standard Ra-Be source '3
3.53+0.15 Manganous sulfate solution' szhh
' ‘Ra-Be source 7
3.§2¢o.12_\ large scintillator tank Pu 2LK)(\» = 2.257) L
3.869i0.d?8 Large scintillator tank U 35+n(v = 2.46) 5
3.8 ¢ 0.16 " Large sc1nt111ator tank " "Ra-Be source 10
szSu 3.90+0.1k large sc1ntlllator tank Puzho(; = 2.257) 11
szSu 4,05+0.19  Large scintillator tank szsz(; = 3.82) 8
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TableellQ30‘(References)

. 1.

3.

-10.

11.

D. J. Littler, Proc. Phys. Soc. (London) A6kL, 638 (1951); A65, 203 (1952).
Barclay, Galbraith and Whitehouse, Proc. Phys. Soc. (London) A65, 73 (1952).
W. W. T. Crane, G. H: Higgins and H. R. Bowman, Phys. Rev. 101;'1804 (1956) ;

There is a systematic difference of 7 percent between the v values,frem

"~ this report ahd those from reference h, this is caused by a dlfference in

standardization of neutron counting eff1c1ency ,

D. A. Hicks, J. Ise; Jr., and R. V. Pyle, Phys. Rev. 101, 1016 (1956).
B. C. Diven, H. C. Martin, R. F. Taechek, and J. Terrell, Phys,. Rev.
101, 1012 (1956). | o |

F. R. Barclay and W. J. Whitehouse, Proc. Phys. Soc. (London) A66, LL7
(1953) . v

W. W. T, Crane, G. H. ngglns, and S. G, Thompson, Phys. Rev. 97, 242
(1955), erratum Phys. Rev. 97, 1727 (1955).

Choppin, Harvey, Hicks, Ise, and Pyle, Phys. Rev. 102, 766 (1956).

G. H. Higgins, W. W. T. Crane, and S. Gunn, Phys. Rev. 99, 183 (1955)
H. R. Bowman and S. G. Thompson, University of California Radiation
Labcratory'Report UCRL-5038, March 1958; also published as Paper P/652.

Proceedings of the Second Geneva Conference on the Peacefﬁl Uses of

Atomic Energy, Geneva, 1958.

R. V. Pyle, "The Multiplicities of Neutrons from Spontaneous Fission",

Unpublished results.
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SPO_NTANEOUS FISSION
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J LIVERMORE DATA (NBS Ra-Be STD) : A}Fﬁ?“
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Fig. 11.73. Average number of neutrons Vv as a function of
mass number in spontaneous fission.
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tured neutron gives rise to a pulse in the photomultiplier circuits. Since
the capture times are not identical, the neutrOn.indicatorbpulses from a single
fission event are separated in time.

The large tank is provided with a well along the axis of the cylinder
or -a passage going clear through, into which an ionization Champer‘containing
a spontaneously fissionable sample can be placed. A typical circﬁit arrange-
ment is shown 1nvf1gure 11.74. The sequence of events in the experlment is
the following: ' -

The fragments ffom a spontaneous fission event giveurise to a pulse in
'the ionization chamber which serves to trigger the sweep of the oscilloscope.
This fission event is accompanied by prompt gammairays and neutrons. ‘The neu-
trons transmit practically all of their energy torrecoil protons-in a time
much shorter than a microsecdnd. These recoil protohs and any of the absdrbed.
prompt gamma rays from the fission appear as one prompt pplse from the photo-
. tubes looking into the scintillator tank. Theithermalized.neutrons then are
captured exponentially in time'by’the cadmium-ll3p§0 = 27,000 barns) or the
hydrogen (0 =AO°33 barns) in the solution. The Cd113 radiative capture im-
médiately releases & gamma rsy cascade with a total energy of 9.2 Mev some
fraction of which is converted to scintillation photons in the tank and gives
a pulse in the phototube c1rcu1ts indicating a neutron capture. A photograph
of the oscilloscope screen gives a permanent record of the type shown in
figure 11.75, ‘

From such experiments accﬁrate values are obtained not only for v the
average number of neutrons but also for P( v) the probability of emitting v
neutrons pef spontaneous fission. -The v measurements reported by several
groups using this technique fof-spontaneous fission are recorded above in
Table 11.30. Values P(v ) are summarized in Tables 11,31, 11.32 and 11.33.

DIVEN, MARTIN, TASCHEK AND TERRELL37 were able to use this technl que
for the messurement of neotron multiplicities in the neutron induced fission
of U233, U235 and Pu 239 by using the apparatus dlagrammed in figure 11.76.

Tt was possible to use thermalized neutrons from a Pu-Be source or 80 kev

neutrons from the T (p,n) He3"reactlon to initiate fission. Values of . are

371. Diven, Martin, Taschek and Terrell, "Multiplicities of Fission Neutrons,"

Phys. Rev, 101, 1012 (1956).
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Fig. ll.7h; Typical circuit arrangement for measuring the
‘ nunber of neutrons emitted in individual spontaneous
fission events.  See HICKS, ISE, and PYLE, Phys. Rev.

101, 1016 '(1956).4
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MU-]0453

Fig. 11.75. 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 is followed in
this case by four neutron-capture pulses. From HICKS,
'ISE AND PYLE, Phys. Rev. 101, 1016 (1956).
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Table 11.31*% Pi‘obabilities of emitting v neutrons per spontaneous fission,
P(y ),___a;nd_ the average number of neutrons per ﬁgontan'eou's fis-
sion, 7 , based on p = 2.257 * 0.046 for Pu?

5'2

P, pu236 Ru238_ - Puzgov pu e vath _ ol of?
0.062 © 0,044 OO . 0,063 . 0,011 0,00l 0,001
P, 0,035  #0.009 . #0.009 £0.013 £0,005  *0.00k £0.001
0.156  0:175. - 04219 . 0,192 0.126 - 0.099 0,021
P, - 0,090  *0,026- " #0,021 . *0.03k  $0.018 20,017  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
L 0.28 0.237  Os2h1  0.32k - 0.3b7  0.365 0.271
‘P, #0.12  #0.027  %0.020 +0.047  '£0.020 +0.018  #0.019
0.096  0.12%  0i1l27 - 0:033 .  0.139 0.198 . 0.326
P,  *0.086  #0.021 ~ *0.018  #0.026 . *0.013 - *0.220 . 0.018
0.033 - 0.036 ~ ,0.020 ~ 0.036 0.050° . . 0.0k9 0.178
P,  %0.036. #0.009  $0:006 ~ *0.013 £0,009.  *0,009 +0.016
| 0.001 , 0.00k 0.007 0,077
P +0.002 ©'£0.002 $0,002  *0.013
0.001 0,013
P ] +£0,001 +0.00k
0.003
+
Py +0., 001
v 2480 2.33 2,257 2.18  2.65- 2.8k 3.82
+0.19  *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 of y;and the probablllty,
in spontaneous fission vl
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P(ﬁ);of emitting v neutrons

240

Nuclide b’fAﬁafS;Z&h%%DSZQP 0f252** Pu
Fissions _ .

analyzed 3301 4545 8355

v 2.81040.059 3.8690.078 | '2,25739;045

( v)iV 9.20%0.34 16{5916.62 6.37£o.21

( v')zv - 7:'3/’32 0,810%0,008 0,85o¢o.-_bo6 0.807£0,008
P, 0;00910.005f ofoosio.odz 0.0L9%0. 006 |
Pi 0.109%0.016° : o;oouio;bo9< © 0.214%0.012
P, .0.292%0. 023 0.138£0.019 0.321%0,01k
P, '.0.315io{027v 0.223+0,032 0.282+0.017
P | 0.22420,027 0,356io:035 0.112%0,013
P5 0.030£0.017 - 0.175%0,03%4 0.021+0,008
P 0.021%0.010 0.071#0.028 0.001+0,003
P, 0.000£0.003 o;ozz¢o;o;7 0.000%0,002
Pq ' 0.000£0,000 0.006+0,007 ~ 0,000£0,000

* o '
Diven, Martin, Taschek and Terrell, Phys.

*¥ . ‘
Similar data for CTf

(1958)

252

Rev. 101, 1012 (1956)

taken by STEIN AND WHETSTONE, Phys. Rev., 110, 476

v and <v >§V are the average and the average square of the number of neutrons '
per fission; Pg, P, Py ....

0,1,z ....

neutrons per fission.

are the respective’ probabllltles o)
The quantity [(vZ)av -v 1/V

E emission of
is a-

measure of the relatiwe width of the neutron multiplicity distribution.
It would be equal to 1.0 for a Poisson distribution.
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Table 11.33* Probability of emission,P(v ),pf VY neutrons in the spontaneous
) fission of Pu2hO determired by large. scintillator tank technique.

Number of events recorded = 4197 fissions

o ! 0.062 * 0,006
P, ‘  y | 0.198 O?Ql7
i P, | 0.374 + 0.022
éé,. - 0.228 + 0.02Y4
Py, 0.114 * 0.022
P | - 0.027 * 0,013
AP6 ‘ . 0.000 * 0,005

VY = 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 11.76. Schematic diagram of experlmental equipment
used to measure neutron multiplicities 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 spuriocus counts in .
large liquid scintillator. From DIVEN et al. Phys.
Rev. 101, 1012 (1956).
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given in Teble 11.28. Valués of P (¥) are given in Table 11.3k.

In section 11.7.5 the experimental data on neutron multiplicity are
correlated with simple models of the evaporation of neutrons from‘excited
fission fragments

ll T4 3 “Measurements .of P(v).as a function of fission modea It is possi-

ble to carry this experlmental “technique a step further to get even more de-

tailed information on. 1nd1v1dual flSSlon events, HICKS AND COWORKERS37 nd
BOWMAN AND THOMPSON373 have combined the back-to-back double ionization chamber
method for the simultédheous measurement of fragment energies (discussed in
Sections 11. 6‘l'and 11.6,2) with the ‘large scintillator tank in order to
measure. neutron mult1p11c1t1es as a function of the. specific mode of fission.

A schematic-drawing of BOWMAN AND THOMPSON' 8373

11.77. The shallow baok“toéback ionization chambers are placed in the center

apparatus is given in figure

of a cylindrical passageway 1nstalled along the ax1s of the tank. When a spon-
taneous fission éventooccurs ‘the sequence of events is the follow1ng first

the ioniZationApulses developed by both fragments are applied to the vertical
and horizontal deflection plates cOrrespondihg 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 pulse developed 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 neutrons emitted 1in fission are quickly
moderated and then captured after delays of many mlcroseconds° Each neutron

at the time it is captured produces a pulse in the tank-photomultiplier system
which is displayed as a peaklon the scope screen. A camera photographs the
screen during all this-time and records simultaneously the spot specifying the
fragment energies and the trace indicating the number of neutrons captured.

The film is then advanced to be ready to photograph the next spontaneous fission
event separately. With this technlque, BOWMANT) AND THOMPSON373 recorded data

on 20,000 spontaneous fission events in CfZSZ. These data were recorded on IBM

372 Hicks, Ise, Pyle, Choppin, and Harvey, "Correlations Between the Neutron
Multiplicities and Spontaneous FlSSlon Modes of Callfornlum~252 Phys. Reve.

105, 1507 (1957) -
373. H.Ry; Bowman -and S. G. Thompson, Univ, of Callf Radiation Laboratory Report,

UCRL 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.
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‘Table 11.34 Probability of emission ?( v ) ef vneutrons in theé fission of
- U233, U235 and ?u239 indiaced by‘80-kev neuffons |
‘Neutrﬁnainducéd.fissiona
Nuclide o Aka233lf, S U?35v‘_:  )  Pu?39'
Fissions = RS o S _ L
analyzed ) .- -1632 w715 ' 1376
v - 2;58510;062 ©.207P0003 3.04840.079
(v)zv 7.84%0, 34 L 7,32¢o.i§ 10.62+0,53
[(V)zy _v]/ 98 © 0.786%0.013° - 0.795%0.007 °~  0.815%0.017
Py o | C 0.010£0.008 o.Ozfio.oou‘f -0.01%0,01"
.Pl‘ . 0.151#0.024 0.158¢o,01o‘- © 0.1120.03
P, . 7 .’o.326¢0.037 - 0.339io.61& - 0.13%0,06
'P3v ',.  0.301%0.04% 0.305%0.015 0.56£0.08
By : 0.176+0,041 0.133#0.013 - 0.11+0,08
Py | 0.042+0.028 0.038+0.009  0.06%0.09
Pg . | -0.010io.§17 h -0.001%0.003 oi05ib,08.
P, . 0.006+0.009 0.0010.002 0.00£0.06
Pg -0.002£0,002 0.000+0., 000 -0.01#0,03

a. Results given are for BQ-kev neutrons.
b Normalizing value.
* DIVEN, MARTIN, TASCHEK AND TERRELL, Phys. Rev. 101, 1012 (1956).

See bottom of Table 11.32 for meaning of terms. .
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MU-19422

Schematic.diagram of H. BOWMAN and S. G.

THOMPSON'S373 apparatus for measuring neutron multi-

plicity and kinetic energies of both fragments simul-

taneously in spontaneous fission. . 5 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 neutron multiplicity as a function of mapny
variables. Such correlations can provide many crucial tests of fission theories.
As examples of the many possible correlations BOWMAN AND THOMPSON show the varia-
tioh of v with change: 1n the fragment mass- ratlo and w1th change in the total
kinetic energy of the fragments. '

Rather than dlscuss these data we wish to turn. to a descrlptlon of a
similar experlment done by-a technlque with 1nherently higher resolutlon. STEIN
AND WHETSTONE374 combined the hlgh resolutlon provided by the fragment time-of-
flight method of determining the-flsslon'mode-and the hlgh—detectlon effrc1ency
of the large caamium loaded liquid stintillator-as a neutron counter. With this
combination of apparatus they determlned how the total. number of prompt neutrons

252

emitted in the spontaneous flss1on of Cf ‘is affected by the division of mass
between the fragmentS'and by'the amount of energy going rnto kinetic energy of
the fragments. | _ v
i A schematic diagram o%ﬁtheaapparatus and of the electronic recording
system is shown in figure 11.,78. Data were collected on 15,333 events and
processed on an'IBM—704 data processing machine, We show two correlations of
the data in figures 11.79 and 11.80, 1In the.first.of'thesevwe see that there
is a correlationfbetweenfﬁ and the total fragment kinetic energy Ek particularly
in the interval of E 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-
ergies of the fragments. In figure 11.80 it is readilyvapparent that 3 varies
with the mass ratio RA but the variation is complex and not ea51ly explained.
In the range of mass ratio coverlng the great maJorlty of fission events the
variation is approx1mately linear. STEIN AND WHETSTONE37h also show the
variation of v with E for datad separated into 1ntervals of RA and similarly
the variation of v w1th RA for data separated into intervals of E ‘The authors
subjected the data covering the majority of fission events to a detalled analy51s
to correct for the resolution effects in their experlmental technique and de-
rived the "true" dependencé of*? on R, and E._ listed in Table 11.35. The quanti-

. A k
ty’SJE(Ek,RA)/_aEk = -0.143 neutrons fission_; Mev — is in reasonably good agree-

374, W. E. Stein and S. L: Whetstone, Jr., Phys: Rev. 110, L76 (1958)
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Fig. 11.78. Schematic diagram of the STEIN and WHETSTONE374
eqplpment for determlnlng the correlation between neutron
emission and the Cf2°2 fission mode. . Drift lengths were
each 152 cm. The scintillator tank :was approximately 75
cm-in diameter and height with a 6.8 ¢m transverse holé
in-which the time-of-flight drift tube was placed. -

Pulses from the bank of 90 photomultiplier tubes fed
through: Hewlett-Packard distributed ampllflers (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 gsource as one of the fragments passed through
this backing foil.
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Fig. 11.79. The average number of neutrons per fission and
the number distribution of Cf252 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 T8 percent
efficienny of the neutron detector. SIEIN and

WHETSTONE, 3T+
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fission of Cf25%2 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
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Table 11.35 Variation of 7 with mass ratio and fragment kinetic energy in
o the'spontaneoué fission of Cf252 according,to_STEiN‘AND WHETSTONE37h'_

Slope ‘ .“_ Observed value - . A ;  Corrected}value_

5 (E, RA)/ 3E, . '»""‘»_.;-o'.O'?oAi ':c'j_'».OOl;a“f B | .'-00;1;'3 . 0.020%
S8R/ 38, o -3:8 : 0.8 .63 s 100
[B'E(Ek)/a Ek].all ﬁ‘  "Ov056,i,Q°O03a- o '0‘079.i>o’008a
_ 11 R, 70T _ o

. —_ o - o 10 S . '::i‘b '
[3 V(RA)/,aRA]»alI;Ek S RS5E ST 2.8 £ 0.67

a. In units of (heutfons/fiSsion)/Mév. ‘

b. In units of (neutrons/fission)/unit-mass_ratio;--'
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ment with calculations based on a theory-of'LEACHMANVAND»KAZEK375>diécdssed in
Section 11.7.5 below. The results imply a nuclear ”temperafure” of < 1 Mev
and a 7.0 Mev decrease in the average excitation energy for.the*emissioncof
each neutron. -
FRASER AND MILTO

emission probablllty as a fuhcfien of fission mode for thermal neutron induced

N376 have also studied the variation in prompt neutron

fission of U 33 " This study, carried cut earlier than the studies Jjust des-
cribed, makes uee~of a different type of neutron detector. The apparatus is.
shown schematically in Fig. lIQBl; The kinebic energies of both fragments were
233 ‘ '

measured in a double gridded ionization chamber. The U source was deposited

on the common cathode arnd covered with a collimator. The pulse heights of the
pulses from the’ two ionization chambers were recorded only when c01nc1dent with
prompt fast neutrons detected in either one of two neutron counters placed on
opposite sides of the fission chamber. These neutron detectors con51sted 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 amall but the
strong angular correlatlon of the direction of motion of the prompt neutrons
with the direction of motion of the emitting fragment:overcomes this disadvan-
tage somewhat. Nevertheless, the neutron detection efficiency is much less
than for large scintillator tank detectors and in most respects the characteris-
tics of prompt neutron emission could not be studied as completely as in the
methods just described. On the other hand, the method of TFRASER AND MIETON376
has the distinct advantage that it identifies the fragment from which each re-
corded neutron originates. This also‘is s consequence. of the strong peaking
(in the lab system) of the neutrons in the direction of the fragments. A
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.

WHETSTONE377 later restudied the variation in prompt neutron emission

375. R. B. Leachman and C. S Kazek, Jr., Phys. Rev, 105, 1511 (1957)

376. J.S, Fraser and J.C.D. Milton, "Distribution of Prompt-Neutron Emission
Probability for the Fission Fragments of U 33 ' Phys. Rev. 93, 818 (1954)

377, S. L. Whetstone, Jr., Phys. Rev. 11k, 581 (1959)
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Fig. 11.81. Schematic diagram of FRASER and MILTON's376
apparatus for measurement of prompt-neutrons in coinci-
dence with fragment pairs whose energies are measured

- in a double back-to-back gridded ion chamber. The
- neutron detectors are ionization chambers filled with
- high pressure methane.

Events are recorded only when triple coinci-
dences are registered between a pair of fragments and
one or the other of the neutron detectors. The record
of each event consists of pen deflections proportional
to the ionization energies of the two fragments and

~a side pen deflection specifying the neutron-emitting
fragment.
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probability as a function of the mass number of the fragment from which the
neutrons are emitted. His expe rimental technique was supericr in' some respects
to that of FRASER AND MILTON376 and some striking:results were obtalned

The experlmental apparatus was similar. to that used by. STEIN AND WHET -
STONE374 and 1llustrated in Fig. 11.78. The chlef dlfference was that the szj?
spontaneous flss10n source was located at the end of the large cadmium- loaded
liquid 801ntlllator rather than in the eenter. Because of the ‘strong forward
peaking of neutron em1551on in the direction of" travel of the fragments (assum—
ing isotropic neutron emission in the frame of- the moving fragment) the neutrons
detected in the scintillator‘tank can be attributed‘almost entirely to one of
the fragments. From the simultaneous measurement’ of the velocity of both frag-
ments the approximate mass nuwmber of each fragment could be obtalned

The chief result of the experiment 1s given in Fig. 11,82 which shows
the average number of neutrons -as a function of mass. number., There is a strik-
ing dlscontlnulty of one whole unit at the mass number corresponding to symmetrlc
fission. The average number of neutrons emitted from all the light fragments
compared to the average number emitted from all the heavy fragments turns out
to be 1.02 * 0.02,

If this neutron emission discrepancy'is real, it 1s wery difficult to
reconcile with the passage o0f the dividing nucleus over a symmetric saddle
point378 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 1nternal excitation. WHETS’I‘ONE377 speculated-on a
possible explanation of the effect based on the idea that the saddle point shape
is actually asymmetric. He takes this idea from the writings of VLADIMIRSKII“78
who showed by some qualitative calculations that within the framework of the
unified model of the nucleus one might explain a marked softening of the dis-
torted nucleus toward asymmetric shapes in terms of a. favorlng of nucleonlc
states of high S) 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 s1mple model of the fission process which will reproduce qualita-
tively both the observed mass distribution and the strange dependence of “Jon

mass number.

378. V. V. Vladimirskii, Soviet Physics 5, 673 (1957).

'
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Fig. 11.82. The average number of neutrons per fragment as
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frames has been assumed and the curve has been normalized

to give v = 3.86 averaged over all fission modes. .
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Quoting WHETSTONE377, "One can easily imagine that just before the

‘fissioning nucleus breaks in two, there exists & fairly long neck connecting

two relatively large volumes, andtﬁ&ﬁhusually, if not always, these volumes

are of unequal size (see figure 11.83). The nucleus will be expected to break

with greatest prqbability somewhere near the middle of the neck, which will

favor the asymmetric ﬁass diViéions observed and which will partition fhe_de;

formation enérgy‘of the neck fairly equally between the two fragments. Since

the two ends of the nucleus would be expected to havé.fairly'small internal

excitation energies before the split, the excitation energies of the fragments

after the split, and therefore the number of neutrons emittedffrom each frag-

ment, should be on the average, equal for the most probable mass division. The

shape and volume of the neck can now be tailored to imply a point-of-splitting

probability, such as is drawn schematically in figure 11,83 which will repro-

duce the observed fragment mass distribﬁtion. 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 deformation energy.to the light fragment. Splittings

very far from mass symmetry correspond to breaking points cloéevto the small

end, with the deformation energy of the neck given to the heavy fragment. Thus

the observed V(A) dependence is obtained." This‘hypothetical‘picture of the

fission process is discussed -also by HALPERN379.

379. I. Halpern in 'Nuclear Fission", a review prepared for Annual Reviews of

Nuclear Science, 9, 245 (1959).
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Fig. 11.83. A picture of a fissioning nucleus shortly
before it breaks intwo. 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 nearly spherical heavy frag-
ment and a markedly distorted (hence excited) light
fragment. From WHETSTONE.3T7
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11.7.4 The Energy Spectrum and An lar Distribution of the Prompt

Neutrons from Fission. The distributicn in energy of the neutrons emitted in

2
the fission of U 35 33 ahd Pu 239 as been studied by two fundamentally dif-

ferent methodsn

380- 387

In the first, the energy of the neutrons is obtalned

from the ranges of knock-on protons in photographic smulsions, cloud chambers,

ionization chambers, proportlonal counters, etc. In the second, the velocity

of the neutrons is measured by time-of-flight technlques. A combination of the

two methods is often used to cover the whole range of neutron energies.

A compilation of three sets of data taken at the Los Alamos Scientific

Laboratory is presented in Fig, 11.84. These data are compared with a semi-

380,

381,

382.

383.

38&.

385.

386.

387.

388.

389.

390,

N. Nereson, 'Fission Neutron Spectrum of U235", Phys. Rev. 85, 600 (1952);
"Fission Neutron Specﬁrum of Pu239”, Phys. Rev. 88, 823-4 (1952).

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 cite many earlier references. '

D. L. Hill, "The Neutron Energy Spectrum from U 35 Thermal F1s510n, " Phys
Rev., 87, 1034 (1952).

B. E. Watt, "Energy Spectrum of Neutrons from Thermal Fission of U
Phys. Rev. 87, 1037 (1952) '

Unpublished data of Barton, Cranberg and Nereson, and of Frye and Rosen,
quoted by R. B. Leachman in Paper P/592, Vol. 2,"Proceedings of the
Tnternational Conference on the Peaceful Uses of Atomic Energy'', United
Nations, New York (1956).

L. Cranberg, G. Frye, N. Nereson and L. Rosen, 'Fission Neutron Spectrum
of'U235”, Phys. Rev. 103, 662 (1956).

K. N. Mukhin, L. M. Barkov and Gerasimova; see B.G. Erozollmsky, Neutron

235

Fission, Supplement No. 1 to Atomnaya Energiya 74-98 (1957)

D. B. Nicodemus and H.H. Staub, Phys. Rev. 89, 1288 (1953)

L. Cranberg, 'Proceedings of the International Conference on the Peaceful
Uses of Atomic Energy,” Geneva 1955 (United Nations, New York, 1956), Vol.
2, Paper P/577. '

K. M. Henry and M. P. Haydon, Oak Ridge Natlonal Laboratory Report, ORNL~-
2081, 1956, unpublished. ’
A. B. Smith, P. R. Fields, Rs K. Sjoplom, and J. H. Roberts, Phys. Rev.
11, 1351 (1959). ' |
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Fig. 11.84. Comparison of seml-empirical expressions of
the energy spectrum of fission neutrons with
experimental measurements at Los Alamos on neutrons
‘from thermal fission of U232, Figure from reference

38k.



UCRL-9036

-276~
2
empirical expression published by WATT383for_the U 32 neutron spectrum.
N(E) « [exp ——:E—__] [sinh Jﬁitigrii : ‘ '
0,965 (11.48)

N(E) is the probability of emission of‘e fission neutron with energy E.

This expressieh is derive&_from simple considerations of neutfon,emissidn mech-
anisms and transformation of velocity frames. The constants iﬁ the equation
are derived from nﬁclear Vtemperatures” and firagment energy choices adjusted
to fit the experimental data. A furﬁher simplification of this semi—empirical
expression reported by'LEACHMAN38A;results in the form |
. -E ] o

1.29 | (11.49)

which is shown in the figure similarly to provide a satisfactory fit to the-

N(E) « JE exp [

eXperimental data. This.expression assumes a Maxwellian distribution for the
neutron spectrum but it is based on no simple theoretical derivation. The
constant 1.29 is defined as the ruclear "temperatures". This temperature is
not the nuclear temperatufe as defined by WEISSKOPF for the statistical model
pf the nucleus. This fit with such a simple expression containing only the
coefficient in the exponent as a parameter is regarded as fortuitousiin view

. of the dependence of the neutron spectrum on many variables such as fragment
excitation, neutron binding energy, angular dependence of neutron emission, ete.

The neutron spectra of the fission neutrons from U235, U233 and Pu 39

caused to fission with slow neutrons are very similar380’ 383, 385, 386.
TERRELL391 has analyzed all three spectra using the LEACHMAN ekpression given
above and gets a good fit to the ekperimental spectra by setting the nuclear
temperature constant egual to 1,290 Mev, 1.307 Mev and'l.333 Mev, respectively.
See Fig. 11.85 .

The fission neutron spectrum of the spontaneoﬁsly-fissioning Ct

-also been measuredo392—394 We show the results of SMITH, FIELDS AND ROBERT

252

has

§ 390

391, J. Terrell, "The Fission Neutron Spectrum and Nuclear Temperature," Phys.
Rev. 113, 527, 1959. -

392. E. Hjalmar, H. Slatis and S.G. Thompson, "Photographic Emulsion Measure-
me%ts of the Energy Distribution of Neutrons from Spontaneous Fission of
Creo2" | Phys. Rev. 100, 1542 (1955). ‘

393. H. R. Bowman‘%%% S. G. Thompson, 'The Prompt Radiations in the Spontaneous
Fission of Cf*?°" University of Calif, Rad. Lab. Report, UCRL-5038, March
1958; also published as.Paper P/652, Proceedings of the 2nd International
Conference on the Peaceful Uses of Atomic Energy, Geneva, 1958.

394. A. B. Smith, P.R. Fields, and J.H. Roberts, "Spontaneous Fission Neutron
Spectrum of- C£252", Phys. Rev. 108, 411, (1957). :
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Fig. 11.85. Experimental data on fission neutron energy
compared to the expression

N(E) d\[E exp ( -_—,}% )

This compagtson made by ’J.’}E!RRELL389 as qﬁdted by
LEACHMAN. 3°% A |
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in figure 11.86. The spectrum is very similar to that of the neutroneiﬁduced
fission of U235 except that it is shifted slightly to higher energies. The _
solid line follows the Watt formula_(equation 11.48) evaluated as follows: \

IN[E) « exp(-0.88E) sinh J‘%.OE (11.50)
TERRELL> " was able to get a good fit also with a Maxwellian distribution of .
the type given'by-equation 11.49. |

It is apparentvthat ali measured fission neutron spectra are fitted
rather well by the WATT formula and perhaps slightly better by an equation ;i
based on a simple Maxﬁellian distribution (equation 11.49). The neutron inten-
sity varies as El/z st low energies and exponentially'at’high energies.

Many- attempts have been made to derive neutron spéctra using WEISSKOPF'QQ5
concepts of the statistical model‘of.the nucleus since it has seemed that ex-
cited fission fragments should be quite appropriate Systems.for the application
of the model, In its ﬁost approximate form this model leads to a simple evap-

oration spectrum of the form

Eexp (T2)
which gives a poor fit to the experimental data if the nuclear temperature T
is single-valued throughout the neutron evaporation process. A great imprové—
ment can be made by consideration of the fact that the second and subsequent.
neutrons will be emitted from é less-excited nucleus for which a lower nuclear
temperature would be appropriate. Several authors39l’396_8 have shown that
even a simple combination of two evaporation components with different values
of T can produce good agreement with the neutron spectra im: the laboratory
system. -TERRELL391 has carried out a more sophisticated analysis in whigh the
wide distribution in initial f%QE%Z%E.gg i%iﬁ%ﬁ%@d into a distribution of nuc-
lear temperatures appropriate for the evaporation of 7 neutrons. In the Uééi’
case he carriéd through a sample calculation by weighting together 1L evapora-
tion spectra using a separate fragment velocity for the light and heavy frag-
ments and seven ai fferent nuclear -tefmperatures weighted according to his de-
rived temperature distribution. This calculation yields a laboratory neutron

spectrum in excellent agreement with experiment but not significantly better

395. V. F. Weisskopf, Phys. Rev. 52, 295 (1937); J. M. Blatt and V. F. Weisskopf,
Theoretical Nuclear Physics, John Wiley and Sons, Inc., N.Y., 195z, pp.365-
37k, '

396. J.S. Fraser, Phys. Rev. 88, 536 (1952)

397. J.C.D. Milton, unpublished data

398. Smith, Fields and Roberts, Phys. Rev. 108, L1l (1957).
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than the more approximaté Z2-component analyses mentio%%% above.

On the basis of this analysis, it appears thatpresult of the assumption
df 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
equivalent to. a Maxwellian distribution (equation 11.49) in the laboratory sys-
tem. Isotropic emission of neutrons in the center-of-mass system is assumed.

TERRELL'S-39; analysis implies that the average energy of.the neutrons
will be equal to the average energy per nucleon of the fission fragments (about
0.78 Mev) plus some quantity proportional to the average number of neutrons
emitted. Specifically, TERRELL finds a good fit to many sets of data with

the expression,

Epverage - 0-78+ 0.621 (5+ 1)Y2 o (11.51)-
(in Mev)

The whole subject of the analysis of fission neutron spectra'and‘of ité
meaning for neutron evaporaﬁion models and nuclear temperature parameters is
well reviewed by TERRELL39l in a paper which covers all pertnent work puhlisheé
by mid-1958. _

Ir neutroh emission is controiled by an evaporation process it seems
logical to assume that neutron emission is isotropiec in the center-of-mass sys-
tem and this assumption is usually made in the absence of any clear evidence to
the contrary, It is possible, however, that the deformation of the fragments
or their othér dharacteristiés at the moment of seission will favor neutron
emission in certain directions. HILL AND WHEELER 399

that there may be prefefential emission forward and backward along tledirection

, for example, suggest

of the fragment motion. Hence, it is quite important that thé actual angular
distribution bé firmly éStabliéhéd. -

' One approach is to assume the vallidity of‘one of theevaporation model
tréatments,‘to assume some angulér distffbutiony such as 1 + AP, Cos 6, to
calculate the corresponding neutron spectra in the laboratory system, and
frém the agreeément or non-agreement bf.these spectra with the experimental ddta
to set an upper limit to the amount of anisotropy. However, because of man&
complicating factors, it is not possible to provevanything very definite about

anisotropy by this approach.

399. D. L. Hill and J. p. Wheeler, Phys. Rev. 89, 1102 (1953)
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Research groups in several laboratoriesuoo—uo2 have devised apparatus

which will permit a definitive answer on the center-of-mass anisotropy. In
these experiments, the velocity and the direction of motion of neutrons and
fragments are measured simultaneously so that neutron velocities relative to
the fragment velocities and the angular distribution of neutrons in the refer-
ence system of the moving fragments can be calculated in a straightforward
fashion., Findl results from these experiﬁents are not avallable as this is
being written.

396 403,40h 1n.whlch the angular

‘There are several publlshed reports
distribution of the neutrons with respect to the fragment direction of motion
in the laboratory system is measured. The dominant feature of the laboratory .
distribution is a strong peaking in the direction of the fragment emission
caused by the center-of-pass motion, Let us cons1der briefly FRASER 8396
periment. In this study neutrons from thé thermal neutron fission of U 33,

235 239

and Pu were measured. Collimated fission fragments were:selected in
energy in a gridded ionization chamber and coincident prompt neutrons in a gi#en
direction were counted by prdtbn‘reCOils in an electron collecting chamber
filled with methane, By proper energy discriminationron the fragment pnlses

it was possible to study neutrons in correlation with the total diStribution

of fission fragment energies or With the light fragment distributions only.
Significant differences were noted inrthe two cases. .The results in the case
~of Pu239 are shown in Fig. 11.87. ©Neutron emission is strOngly peaked in the
direction of motion of the fragment. The angulér distribution expressed as a
ratio.. N(Oo)/N(1800)>is about 70 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 isotropic emis-
sion of neutrons in the moving fragment system provided he assumed & 30 percent

greater probability of emission of neutrons from the light fragment than from

ﬁOO. H. Bowman and S. G. Thompson, unpublished results; preliminary experiment
described in Paper P/652 Volume 15, Proceedings of the 2nd Int 1 Conf. on
Peaceful Uses of Atomic, Energy, Geneva, 1958,

401. A. Smith, P, Fields, and R. Sjoblom, Bull. Amer. Phys. Soc. II, 31, 1959.
402. 3. S. Fraser and J.C.D, Milton, Chalk River, unpublished
403. R.R. Wilson, Phys. Rev. 72, 189 (1947)

404, R. Ramanna and P,N. Rama Rac, Paper P/1633, p 361, Vol. 15, Proceedings of
the 2nd Int'l .United Natlons Conference on the Peaceful Uses of Atomlc
Energy, Geneva, 1958.
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Fig. 11.87. Angular distribution of prompt neutrons from
Pu239 induced to fission with thermal neutrons. - See
FRASER. 396
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the heavy. RAMANNA AND RAOhou came to a similar conclusion. However, a later
reanalysis by MILTONMO5 ’

the low energy neutron spectrum‘in the laboratory system led to the altered

of the data of both experiments using better data for

concluSion that both fragments emitted the same number of neutrons within. 10
percent. Any.conclusions on the relatlve rates of neutron emission from the
fragments is 1nd1rect and sen51t1ve to the neutron energy spectrum measurements,
. For some experimental -studies such as sh;eld;ng studles, neutron dosi-
metry and bioiogical hazard s%udies; it is chvenient to have a laboratory

235

source of neutrons with a neutron spectrum roughly approximating the U ~fis-
sion neutron spectrum. A mixture of polonium with selected amounts -of boron,
beryllium, fluorine and llthlum will produce an (a n) spectrum of the desired

Lo7

in
shape. 06 Such mock fission' sources are avallable commerc1ally

11.7.5 Theoretical. Calculations of Promgt-Neutron Multiglicitie o
The probability'Ebiof emission of any given integral number‘v‘ofiprompt neutrons
from fission can be calculated from the distribution of excitation energy among
the f1s51on fragments if sufflclently accurate information can be obtained.
LEACHMANLLO8 -h09 has carried out such calculatlons based. on simple’ neutron evap-
oration theory and the résults are in good agreement with experiment. We shall
outline LEACHMAN'S mé&thod. . |

LEACHMAN first writes down the mass equatlon of flSSlon

M(As Z) + E +B-= M(A stz )‘+ M(AL a 7y 4 Eo + By

where ,
M = atomic mass En = energy of incident neutron
A = mass number B = binding energy of neutron to
7 = nuclear charge target.nucleus
- & = total kinetic energy of fragments
6 = even-odd parameter EX = total excitation energy of frag-

ments

405, J.C.D, Milton and J.S. Fraser, private communication to author; see also
footnote on page 540 of Terrell's article. 391 ‘

406, See W. N. Hess, UCRL-3839 (1957); E. Tochilin and R.V., Alves, USNRDL-TR-
201, March 1958 and Bull. Amer, Phys. Soc. II 2, 378 (1957)

407, Mound Laboratory, Monsanto Chemical Co., Miamisburg, Ohio
408. R. B. Leachman, Phys. Rev. 101, 1005 (1956).

409. R. B. Leachman, Paper P/592 p. 195, Vol. 2, Proceedings of the Int'l
Conference on the Peaceful Uses of Atomic Energy, Unltéd Natlons, N. Y.,

1956
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The mass of the fissioning nucleus can Be obtained from eéxperimental
mass determination or from minor extrapolations of experimental.measﬁrements.
The masses of the primary fragments have tc be estimated from some empirical
mass equation., LEACHMAN basged his estimates on the treatment of CORYELLulO.
No attempt was made to evaluate thé masses of all the possible fragments but,
to simplify the analyses, énly three maés ratios, RA = AH/AL,were considered.
AL and AH refer to the mass number of the light and heavy fragments, respectively.
For fission of y?3o by neutrons the chosen ratios were 133/103, 141/95 and 149/87.
Also only the most probablé non-intéger ZL and ZH values for each AL and AH
were used.. These most probable Z values were estimated from the equal charge
displacement relations discussed in Section 11.5. '

With these simplifications it was poséible to calculate the sum of the

kinetic and excitation energy., E.K + E of the-fragﬁents,properly weilghted over

2
the known distribution in fragment mas§ ratios. The next step was to calculate
the distribution in EX from the éxperimentally'observed distribution in EK"

The raw data obtained in ionization chamber experiments of the type described
in Section 11.6.1 cannot be used without some corrections for ionization de-
fect and experimental dispersion. When these correctioﬁs were made by a suitable
mathematical treatment of the data (not a simple matter) and the assumption

was made that the distributions in E., were independent and identical for the

X
light and heavy fragments, the upper curve of Fig. 11.88 was obtained for the

typical excitation energy distribution. The width of this curve per fragment

is about 11 Mev, The width agrees well with the energy distribution for Zr97

fragments observed by'CQHENFll' ﬁhe ﬁéééfive excitation energies implied by

Fig. 11.88 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 neuﬂron emission probability. This is done

by an evaporation calculation based on simple neutfon emission concepts origin-

ally introduced by‘WEISSKOPFulZ. The expression, N(E) « E exp (

5 ), is used
for neutron boil-off, In this equation N(E) is the emission probability for

neutrons with energy E. The nuclear tempefature, T, was taken to be 1.4 Mev.

410, 'C. D. Coryell, "Beta-Decay Energetics,'' Ann. Revs., of Nucl. Sei. 2, 305
(1953) - o
411. B. L. Cohen, Phys. Rev. 104, 1046 (1956)

412, J. M. Blatt and V. F. Weisskopf, 'Theoretical Nuclear Physics,’ John
Wiley and Sons, New York (1952). . :
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Fig. 11.88. 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 U232, 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., 11.88 are the neutron emission
probabilities as a function of excitation energy for each fragment. it is as-
sumed that a neutron is always emitted when emission is energetically_poésible.
The binding energies -of fissiop neutrons involved in these caléulations are
estimated from a mass surface of the nuelides based on CORYELL'S treatment of
parameters.hlo | '

This combination of the excitation and neutron emission data of the
type shown in Fig. 11.88 with proper_weighting of the possible mass splits make
it possible to calculaté a distribution in the number of fission neutrons as
- shown in Fig. 11.89 for neutron induced fission and in Fig. 11.90 for spontan-‘
eous fission. LEACHMAN'S multiplicity‘distfibutions are shown as histograms
and the measured distributions as solid circles, The agreement is considered
to be quite satisfactory. '

According to the assumptions of this treatment,. neutron emission occurs
to the complete exclusion of gamma ray‘emission when neutronAemission is pos-
sible. Once the fragments are de-—excited below the neutron binding energy of
the least bound neutron, thé residual energy is released in gamma radiation.

As a by@?roduct of the theory it is possible to calculate the average energy
release in gamma radiation. This turns out to be 4.6 Mev per fission in the
case of U235 which is difficult to reconcile with recent measurements of this
quantity which are about twice that value, See Section 11.9. There is no
satisfactory explanation of this discrepancy. l\/L'L'LTOI\Th'13 has suggested that
gamma emission might be able to compete with neutrdn emission ih the highly
deformed fragment nuclei at the moment of scission.

LEACHMAN AND KAZEKLFlLL applied this theory of neutron emission to the
type of experimental data discussed in Section 11.7.3 in which the neutron
multiplicities 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

total kinetic energy. In both cases the quantity'd.ﬁ/ d EK was linear.

and: for this mass ratio‘calculated.;Vas a function of the

The results are shown in Table 11.36.

413, J.C.D. Milton, Chalk River Laboratory report CRP-6L2-A, unpublished, 1956.

414, R. B. Leachman and C. S. Kazek,Jr,, "Neutron Emission from Fission Modes,
Phys. Rev. 105, 1511 {1957).
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Fig. 11.89. Calculated and observed variations in v for
__neutron—ﬁgguced f1531on The statistical'uncertainties
“in the U and Pu?3 data %re considerably greater than -

those indicated for the U232 gata. R. B. Leachman, Phys.
Rev. 101, 1005 (1956).
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Fig. 11.90. Calculated and observed variations in v for
spontaneous fission. The histograms were calculated
by LEACHMAN. The data are taken from Tables 11.31,
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‘Table 11.35 The variation of the average number of neutrons Vv with
- the kinetic energquK of the fragments as calculated by
~ LEACHMAN AND KAZEK ¥ for the most probable mass ratios

Ry of fission. The "temperature" of neutron emission is

given by T.
Fission case R, T ) dv/aE (Mév_l)
v : A (Mev) IK !
U235+ _
thermal neutrons 141/95 1.k ' -0.121
R V 1.0 - -0.130
cr®"

145/107 1.4 -0.116
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In the case of CfﬁSZ the calculaied value can be compared with the val-
“ue of -0,143 + 0. 020 neutron flSSlon NLV b derlved by‘STEIN AND W'HE‘I‘STONELLl5
from thelr experlmental data. See Table ll 35 and dlscuss1on in Sectlon 11. 7.).
The LEACHMAN method of calculat on of. neutron emission probablllt1e5'
1S rather complex’ and. TERRELLlL 6 found =t de51rable to correlate the various
'Dets of experimental data on neutron em’.ssion’ probabllltles by means of &
simpler caleulatlon based on a anlmum of parameiers, Tn TERRELL" S treatment
it is assumed (1) that neutrons Wlll be emltted whenever thls is energeblaally
nossible, (2) that the em1881on of any neutron fyom . any :1881on fragment re-
duces the ex01tatlon of the fragment by g value whlch is nearly eonstant around
an average value E o’ .and, (3) that the total exn¢tatlon energy of the two/prlm—
ary frag,mcnts has a Caussian d.lg'bl".l'butlolj with vms devn.atior (of E from 'che
average exc1tatlon energy‘E.. Eo is of the order of 7 Mev and cis of the
order of 1. Since the excitation energy has. a Gausslan distribution and each
emitted neutron feduces‘the excitation energy by‘EO fhe peutron emission preb-
abilities also foll@W-a-GauSsian law, This conglusion ‘is "essentially indepen-
dent of the manner in which the two fragments share the exeltation and should
also be true if a few neutrons-are emitted before fission with about the same
value of B . TERRELL derives the relatlonship
; P = (on) "2 ‘[(ﬂ('v"‘"-’ + 1/2tp)o expl-tZ/2)at  (11.52)
=0 ) . T :
in which P_ is the probability of observing r neutrons
' v is the average number of neutrens '
o, as mentioned abeve, is the rms.ﬁidth of the total excitation in
units of the average energy charg@, b o per emitted neutreon, and.
b is a small adjustment (b < 10~ )
This equation was applied to all experimental data on the probablllty distri-
wutions P ; namely, the data listed in Tables 11.31, 11.32 and 11.33. It

v
was found that all data are reasonably well- represented by this distribution i¥

252

the parameter o was chosen 2 1.08, An exception was Cf which required &

415. W. E. Stein and S.L. Whetstone, Jr., Phys. Rev. 110, 476 {1958)
416. J. Terrell, Phys. Rev. 108; 783 (1957)
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o value of 1.21 £ 0.01, .The closeness bf the fit of the semi-empirical curve
to thé experimental data is shown in Fig. 11.91, taken_from,TERRELL'S paper.'
With a o value of 1.08 and a reasonabie-choice Qf.6;7 Mev for Ed’ the
rms width of most of the fragment excitation energy distributions is 7.2 Mev
:and the full width at half makimum is l?IMev}' The corfesponding figures for

a5z (0 =1.21) are 8.1 and 19 Mev. 'These values are

the exceptional case of Cf
'in reasonably good agréement with the excitation energy distributions deduced

from the  experimental work on fragment kinetic energy_described in Section 11.6.
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11.8 'DELAYED NEUTRONS IN FISSION

11.8.1 .Entrggggtignwand,Resume of Early Investi atiens. When ﬁ235 or
some other heavy element nuclide is caused to fission, a neutron radioactivity
may be observed. The total number of these»"delared"'neutrons is of the order
of 1% of the prompt neutrons. The "delayed" neutrons are actually emitted.
promptly from a h1ghly~ex01ted nuclide produced by the B decay of a precursor,
whose B-decay half-life controls the rate of emission of neutrons. If chemlcal
‘separation of fission products is made, the neutron radioactivity is separated ‘
chemically with the precursor. » '

Delayed neutrons play an 1mportant role in the control of reactors and
this has stimulated an extensive study of their abundance and other character-
istics. These studies can be divided into two groups. The most extensire |
studies have consisted of the examination of the gross neutron activity of acti-
vated 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 tne identification of dealyed-neutron periods
in specific chemical fractions. | »

KEEPINulY ~h19

neutrons and we follow his treatment in much of what follows.

has written excellent reviews on the subject. of delayed

.Less than a month after the discovery of nuclear fission in 1939
Enrico Fermih20 suggested that delayed neutrons might be emitted from flss1on

fragments-after these had undergone one or more beta transitions. This was

made plausible by the theory of fission advanced by BOHR and WHEELERLLZl and

2
.FRENKELA 2 because it could be .shown that in certain cases the energy released

L417. ~G. R. Keepin, "Delayed Neutrons — A Review as of October 1955", Los Alamos
801ent1flc Laooratory Report, LA-1970, October 1955. :

418. G. R. Keepin, "Delayed Neutrons" in Chapter 7 of Progress in Nuclear Energy,
Series One, Physics and Mathematlcs, Volume 1, McGraw-Hill Book Co., New
York, 1956. , . ,

419. G. R. Keepin and T. F. Wimett, Paper P/831, Volume 4, p. 162, Proceedings
of the International. Conference on the Peaceful Uses of Atomlc Energy, ‘
United Nations, New York, 1956.

L20. .See L. Szilard and W. H. Zinn, Phys. Rev 55, 199 (1939)
421. N. Bohr and J. A. Wheeler, Phys. Rev. 56, 426 .(1939).
422. J. Frenkel, J. Phys. USSR 1, 125 (1939). ..
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in beta decay could exceed the bindihg energy of a neutron in the'daughter
nucleus. .Under these. conditions a "delayed" neutron could be emitted with an
observed period equal to that of the preceding beta-emitter by the process
illustrated schematlcally 1n Flg ll 92 o | B
The role of delayed neutrons in the control of the nuclear chain reaction

was first suggested in the lltfrature by ZELDQWICH and HARITON 423

More than a
year before aohlevement of ‘the first self- sustalnlng chain reactlon FERMILLZLL
1ndependently pointed out the-lmportance of delayed neutrons in controlling the
rate of fission in a chaln -reacting assembly. Wnen the multiplication constant
k slightly exceeds unlty the effect of the delayed neutrons is to make the rate
of neutron increase much less (roughly a factor of 150 less) than it would have
been had all the neutrons been released promptly This greatly simplifies the
problem of keeplng the chain reaction under control 'Hence,'a knowledge of the

‘effects of delayed neutrons Is a matter of great practical importance in
reactor designg-

' -The first evidence for delayed emission of neutrons was reported by

ROBERTS, MEYER, and WANG.'Z’

was 12.5 * 3 sec., were believed either to be photoneutrons- produced by the

'These "delayed" néutrons whose reported half life

Y—activity of the fission fragments or to be emitted directly from one of the
fission products. .Subsequent yield measurementsh26'quickly ruled out the first
possibility;'two months later the BOHR-WHEELER hypothesisLLZl was advanced, thus
providing a plausible mechanism for the experimental fact of delayed-neutron
emission. Following this, other workers soon found more delayed-neutrons
periods; BOOTH, DUNNING, and.SLACKu27 found two periods~of half life L5 seconds
and lO-l5 seconds with a total yield of ~0.02 delayed neutrons per fission.
GIBBS and THOMSONLL28 observed no periods of appreciable yield between lO-3 and
1071 seconds. _BR@STROM, KOCH and LAURITSEN =0

lives of 12.3 and 0.1 - 0.3 seconds.

found two periods with half

423. Zeldowich and Hariton, USPEKHI FIZ. NAUK 23, No. k, 354 (19%0).

424, E. Fermi in a letter to-S.K. Allison, Oct. 19L41; see A. H. Snell et al.,
Phys. Rev. 72, 545 (1947). .

425. R. Roberts, R. Meyer and P. Wang, Phys. Rev. 55, 510 (1939).

L26. R. Roberts, R. Meyer, L. Hafstad and L. Wang, Phys. Rev. 55, 664 (1939).
427. E. T. Booth; J. R. Dunning and F. G. Slack, Phys. Rev. 55, 876 (1939).
428. D. F. Gibbs and G. P. Thomson,‘Nature 14k, 202 (1939).

429. K. J. Brgstrom, J. Koch, and T. Lauritsen, Nature 1uk, 830 (1939).
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Fig. 11.92. Schematic drawing of mechanism for slow neutron
emission. - Partial beta decay to excited levels in
daughter may reach levels lying above the neutron bind-
ing 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 neutrons from U235 fission
were made in 1942 by SNELL and co-workers at,ChicagO.%3O A BF3 counter surrounded
by paraffin was used to monitor the decay of delayed—neutron activity from a '
106-1b. block of U3O8 bombarded with Be % D neutrons. Five delayed-neutron .
periods (half lives) were found ranging from O.k4 sec. to 56 sec. The two
87 and I137 B—activities preceding neutron

137 431
and Xe . REDMAN and SAXON

were the
first to study delayed neutrons using a nuclear reactden — the Argonne graphite

longer periods were attributed to Br

87

emission from excited states of Kr

pile, The Chicago and Argonne results showed significant disagreement only for
the shorter periods. . .

Wlth the higher neutron flux available at the Argonne heavy water pile
(central flux ~107t
system (for improved short period work), the delayed neutrons from U 235 were
studled again in 1945 by HUGHES DABBS, CAHN, and HALL. k32 The decay of delayed
neutrons from en irradiated sample of U £35 (~89% isotopically enriched U3O8) was
recorded on electrocardiograph tape, and then analyzed graphically into six
periods.- The results, given in Table 11.37 have served as a standard of com-
parison for all subsequent delayed-neutron studies on U235, as well as the other
fissionable isotopes. In 1945, DE HOFFMAN, FELD, and STEIN 33 |
short bursts of prompt neutrons from the "dragon" assembly (Los Alamos) to
investigate delayed neutrons from U235, particularly the_shorterzperiods. They
obtained five periods in substantial agreement with those of HUGHES et al., and

nedtrons/cm /sec and a newly- constructed rapid transfer

utilized very

~reported indications of a sixth short-period group of 4 millisecond half-life
.and.abundance ~2% that of the total delayed neutrons. Later studies on the
contribution of "room-return" neutrons indicated that this observed 4 milli-
second period could be accounted for by neutrons scattered back to the "dragon"

assembly from surrounding walls and flbor;

430. A H. Snell, V. A. Nedzel, H. W. Ibser, J. S. Lev1nger, R. G. Wllklnson,
and M. B. Sampson, Phys. Rev, 72, 541 (1947).

431. W. Redman and D. Sexon, Phys. Rev. 72, 570 (1947).
432. D. J. Hughes, J. Dabbs, A. Cahn, and D. B.Hall, Phys. Rev. 73, 111 (1948).
433. F. de Hoffman, B. T. Feld, and P. R. Stein, Phys. Rev. Tk, 1330 (1948).
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The .six periods listed in Table ll,j%'account‘for”all the delayed
neutrons in the fission‘of,UZSS, ,AIthough,as we :shall see below,eomevof
these delayed-neutron periods .represent eomplex mixtures of activities with
similar half-lives. These same periods with different abundances also account
for the delayed neutrons observed in the'fission‘of other heavy nuclides.
Before summarizing later research on the Well-esfeblished.delayed-neutron
periods,_ﬁe.wish to mention the extensive 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_THOMSONhZS,W1th modulated (D,D) neutrons on

As mentioned earlier, they found no delayed-neutron periods of appre-

U3%: 3

ciable abundance between 10 and lOnl seconds. The work at Argonne (cf.

.Table 11. 37) revealed a new short delayed -neutron period from U 3? 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 neufron
shutter ("guillotine") to produce short irradiati ons at the Argonne ‘heavy water
1/2 ~L msei%hfrom y?32 reported by DE HOFFMAN, 433

has been discussed. BROLLEY et al., ﬁ using a pulsed cyclotron beam to

235

235

pile. The short period (t
generate short neutron bursts, found no U fission product activity shorter
than 0.43 sec. half life. Using a bare U
intervals with an 11 Mev betatron BENDT and SCOIT

critical assembly pulsed at
+35 measured a short-period,
delayed-neutron group of half life 150 + 41 milliseconds and abundance 2.7 *

0.7 percent. - No shorter period was found. The authors discussed the hypothesié
that this group of delayed neutrons follows the decay of L19, the latter being

h36 finds that Be7

formed as a light fragment in ternary fission. However, COOK
"is produced in less than one in about lO7 fission; also FLYNN, GLENDENIN and
_STEINBERG-LL37 set a similar upper limit on the yieldvof.BelO; From this and .other

evidence, it is ‘doubtful that the Li9 assignment of this'period can be correct.

434, .J. E. Brolley, D. H. Cooper, W. S. Hall, M S..Livingston and L. K.
Schlacks, Phys. Rev. 83, 990 (1951).

435. P..J. Bendt and F. R. Scott, Phys. Rev. 97, 7&4-(1955).
436. G. B. Cook, Nature 169, 622 (1952).
437. Flynn, Glendenin and Steinberg, Phys. Rev. 101, 1492 (1956).
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Table 11.37
Half lives and abundances of delayed neutrons from .U 3
Group ' R ~ Relative
index’ - Half life abundance
1 55.6 % 0.2 0.034 £ 0.009
2 . 22,0 % 0.2 10.220 * 0.023
3 L.51 + 0.1 0.282 £ 0.017
in 1.52 = 0.05 0.319 * 0.017
5 0.43 + 0.05 0.112 * 0.011
6 0.05 % 0.02  0.033

.00755

* ' - '
This is a widely quoted table from Hughes et al., (ref. h33);

for a more recent table see Table 11.39.7.
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Using modern high flux reactors as fiséionvsoﬁrces; it has been possibie
to look for delayed neutron periods appearing in low abundance with half lives
of minutes or longer. No confirmed reports of any periods longer than 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 products can give an apparent delayed-neutron period byr

photodisintegration of the deuterium present in the moderating material or in

the neutron detector.

11.8.2 Recent Results on .Delayed-Neutron :-Periods and Their Abundances.

AT NI I INANSAIN

L7419 there appears a complete tabulation of

In the summary reports of KEEPIN .
all determlnatlons through 1956 of the delayed-neutron periods and abundances
for U
here oniy the work of KEEPIN,.WIMEET and -ZEIGLER

39

sive than other published studies.

235 and for several,other fissionable nuclides, .We should like to report
438 because it is mereuexten—‘
We shall describe this work briefly.

A bare U235 metal assembly at the Los Alamos Laboratory known as the
"Godiva" reactor was used to provide a high flux of neutrons through small
samples of fissile material centered in the reacting aséembly.%uo Such samples
could be irradiated for short bursts ("instantaneous exposure") or for long

times ("1nf1n1te exposure") to emphasize the shorter-lived or longer-lived

vcomponents, respectively, in the neutron decay curve. A pneumatic system

rapidly transferred the Sample of,fissile material from the reactor assembly to

avwelleshielded neutron counter. The:decay of therdelayedfneutron_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 eaeh widthws variable, thus permitting selection of the most

suitable channel-width distribution for a given decay curve. The decay curves

438. G. ‘R. Keepin, T. F. Wimett and R. K. Ziegler, Phys. Rev. 107, thh (1957); .

see also J. .Nuclear Energy 6, 1 (1957).

439. A rather 1mllar study of delayed neutron perlods and abundances for U 33
U235, Pu 39, and Th?32 caused to fission with the fast neutrons of
the Zephyr assembly has been published by Smith, MbVlcar, Thorne and Rose,
J. Nuclear Energy L4, 133 (1957).

440. H. C. Paxton, "Critical -Assemblies at Los Alamos", Nucleonics 13, 49 (1955);
R. E. Peterson 'and G. A. Newby, Nuclear Sci. and Eng. 1, 112 (1956)
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which were obtained were composite curves réther difficult to resolve graphically
with confidence. The authors programmed a least-squares analysis of the counting
data on ah-IBM-?OA digital computer. The three longer periods (Tl 5 T3) and
their abundance ratios were calculated from the"infinite irradiation'data; the
four shorter perist-and theif abundance ratios were calculated from the
"instantaneous irrgdiation”datéo‘ 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
events in the sources was determined by radiochemical isolation:of Mb99 from
the irradiated samﬁle; |

. .The .Godiva central spectrum (for "fast" neutron irradiations) is a
slightly degraded fission-neutron spectfum; When it was desired to study delayed
neutrons frbm a sample caused to fission with thermal neutrons a "thermal"
spectrum was obtainéd within an-84inch cubic polyethylene block, caamium—
shielded and mounted near Godiva. B

Fast-fission delayed neutron data taken w1th samples of U 35 -238,>- .
U233’.Pu239, PuzlLO and Th £3z are summarlzed in Table 11.38. ,Thermal-fission
data are presented'in Table 11.39. The absolute total yields of delayed neutrons
per fission are given in Table 11.40. In all éases, the data were -completely
described by six neutron periods althoﬁgh there.wére-slight;differences:invthe .
values of the_?eriods from one isotbpé to the next. The differences in relative
and absolute abundances in differentbfissioning nuclei are reasonable on thé
ba51s of shifts in the mass and charge dlstrlbutlon of the fission products

-Differences in the perlods reported in this .work compared to the earlier
work of HUGHES (Table 11.37) and others are attributed largely to (1) differedt
amounts of data in the critical time interval 5 to 40 seconds and (2). or the
different methods of analysis — least squares fit versus the more subjective
graphical "exponential peeling" method.

It has been usual to assume that the six delayed-neutrdn periods which
constantly recur in studies of the gross neutron radioactivity of mdst fissile
heavy nuclei must-begassociatéd'with Just six beta active nuclides whose half
lives are just the six half periods deduced from the analysis of the. gross
decay data. However, the radiochemical studies described in the mext section

show that the 22 second, the 6 second and the 2 second periods are complex and
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Table 11.38

Fast-fission delayed-neutron.data of Keepin, Wimett and Z:'Legle:r'a"e
' ' ' Absolute group

[0 )N RN = WV RN NV g

Group Half-life T, Relative abundance yield. (%)
‘index i St _ai/a (for pure isotope)
v23%(99.9% 235
n/F = 0.0165 * 0.0005) S
1 54.51 £ 0.9k ' 0.038 £ 0.003 0.063 £ 0.005
2 2.8k + 0.54 0.213 * 0.005 0.351 # 0.011
3 - 6.00 = 0.17 0.188 + 0.016 0.310 + 0.028
L 2.23 = 0.06 0.407 * 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
v23%(99.98% 238;
n/F = 0.0412 + 0.0017) .
52.38-% 1.29 0.013 * 0.001 0.054 £ 0.005 -
21.58 + 0.39 0.137.% 0.002 ~ 0.564 * 0.025 -
5.00 £ 0.19 0.162 .+ 0.020 0.667 % 0.087
1.93 % 0.07 0.388 + .0.012 1.599 + 0.081
0.490% 0.023 0.225 * 0.013 0.927 * 0.060
0.172% 0.009 0.075 = 0.005 0.309 £ 0.024 -
v*33(100% 233;
_ n/F = 0.0070 * 0.000k)
1 55.11 = 1.86 0.086 %£:0.003 0.060 £ 0.003 -
2 20.74 £ 0.86 0.274 % 0.005 0.192-% 0.009
3 5.30 * 0.19 -.0.227 £ 0.035 0.159 £ 0.025
i 2.29 = 0.01 0.317 * 0.011 0.222 #0.012
5 r0.546x 0,108 - 0.073 £ 0.01k 0.051 + 0.010
6 0.221% 0.042 0.023 = 0.007 0.016-%* 0.005
Pu”39(99.8% 239;
n/F = 0.0063 * 0.0003) ‘ .
53.75 % 0.95 0.038 £ .0.003 0.024 £ 0.002
22.29 * 0.36 0.280 = .0.004 0.176 * 0.009
5.19 .#70.12 0.216 = 0.018 0.136 = 0.013 .
2.09 %+ 0.08 - 0.328 + 0.010 0.207 % 0.012
- 0.549% 0.049 0.103 £ 0.009 0.065 * 0.007
0.216% 0.017 . .- 0.035 + 0.005 0.022 = 0.003
.Pu2”0(81.5% 2403
n/F = 0.0088 + 0.0006)
1 53.56 + 1.21 0.028 * 0.003 0.022 + 0.003
2 22.1h £ 0.38 0.273 = 0.004 0.238 £ 0.016
3 5.1h + 0.42 S 0.192 £ 0.053 0.162 .+ 0.04kh
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 0.024 = 0.005



UCRL-9036

-302-

Table 11.38 (cont'd.)

. Absoluté group

gzgzi i Hélf-life_T, _ éelétiZj/:bundance"¢,(fory;ii2 §§gt0pe)
232(100% 2323
n/F 0.0496 * 0.0020) . , S
1 56.03 + 0.95 0.034 % 0.002 '0.169 + 0.012
2 20.75 * 0.66 0.150 *,0.005 0.74k * 0.037
3 5.74 £ 0.24 . 0.155 * 0.021 0.769 * 0.108
4 2.16 + 0.08 0.446 + 0.015 2.212 % 0.110
5 0.571% 0.042 0.172 * 0.013 0.853 + 0.073
6 0.211% 0.019 0.043 £ 0.006 0.213 £ 0.031

frotal data for each nuclide were obtained from 40 prompt-burst irradiations
and 40 long irradiations with the exception of the U237 fast-fission data
which were obtained from 80 prompt-burst irradiations and 80 long irradiations.

PIndicatéd for each nuclide (in parentheses) are: (1) 1sotoplc purity 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 yields) have been corrected to 100% isotopic purity: . =oe-

CUncertainties indicated are calculated probable errors (from IBM-704 computer).

dTl, TZ’ and the ratio aﬁ/&e are taken from final long-irradiation data.

Za =a = n/F total delayed neutrons per fission. Abundance values
reported include correction (< 3%) for detector response.
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Table 11.39
Thermal fission delayed neutron data of Keepin, Wimett and Zeiglera-e
"~ Group ‘ Relati?e abundance, Absolute group

index i Half-life, Tj ‘ ai/a. ___yield (%)

U%3°(99.9% 235;

n/F = 0.0158 + 0.0005)
1 55.72 = 1.28 '~ 0.033 £ 0.003 0.052 = 0.005
2 22.72 £ 0.71 0.219 £ 0.009 0.3L46 + 0.018
3 6.22 £ 0.23 ‘ 0.196'% 0.022 0.310 * 0.036
4 2.30 £ 0.09 07395 + 0.011 - 0.624 £ 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"3(99.8% 239;

n/F = 0.0061L £ 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
Ny 2.13 + 0.24 0.326 + 0.033 0.199 * 0.022
5 0.618%+ 0,213 0.086 + 0.029 0.052 * 0.018
6 0.257 % o.ouS ‘o okLk + 0.016 0.027 % 0.010

U%33(1009 233

1/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 + 0.00L : 0.197 = 0.009
3 5.00 £ 0.21 0.252 * 0.040 0.166.% 0.027
4 2.13 + 0.020 0.278 % 0.020 0.184 = 0.016
5 0.615% 0.2h2 0.051 * 0.02k4 0.034 * 0.016
6 0.277% 0.047 0.034 %+ 0.01k4 0.022 * 0.009

fTotal data for each nuclide were obtained from 40O prompt-burst
irradiations and 40 long irradiations.

Indlcated for each nuclide (in parentheses) are: (1) isotopic purity 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% isotopic purity.

CUncertainties indicated are calculated probable errors (from_IBM-?Oh
computer).
dTl, TB, and the ratio al/az are taken from final long-irradiation data.

Zal = a = n/F = total delayed neutrons per fission. Abundance values
reported include correction (< 3%) for detector response.



UCRL-9036
-304-

S U Tgble 11.40° -

Abgolute yields of delayed neutrons
Absolute yield

Fissile (delayed neutrons/fission for pufe isotope) :
nuclide : Fastvfission‘: ‘ ' Thermal fission
P23 0.0063 * o:ooog 0.006L * 0.0003

U233 0.0070 £ 0.0004 0.0066 + 0.0003
Pl ~ 0.0088 % 0.0006  ees

U235 0.0165 * 0.,0005 0.0158 O.OOOSV
238 0.0412 + 0.0017 e

232 0.0496 + 0.0020 —=m--
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.that each contains at least one bromine and one iodine precursor activity. "It
is quite possible that the 0.5 and 0.2 second periods are also complex.
l .
COX and co-‘workersbrl+ have investigated delayed neutrons in- the spon-

25z 252

taneous fission of Cf . A weightless source of Cf ~  with a fission rate of

3.76 x-lO6 per minute was deposited upon a platinum planchette;u A steel
Meatching" disk was placed 0.5 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\collectién time ﬁas varied over a wide range in order to enhance
.particulaf delayed-neutron emitters.

The chiefvresults are summarized in Table il.hl.__The considerable
difference between this table and Table ll;39(can be explained by a considera- -
tion of the differences in the aistribution of fission fragmenﬁs for Cf252,
comparéd to U235. The heavy fragments have rather‘similar distributions in
mass and charge so that heavy fragmeht delayed-neutron precursors such as
iodine isotbpes should'appear in both cases. On the other hand, the light

25z is shifted to much heavier masses and to a

fragment distribution of Cf
region where dela&ed~neutron precursors  are not expected on theoretical grounds.
Hence, those activities such as Br87-and_Br88_which contribute to the-U235
delayed neutron decay curves are absent in the case of Cf252;

Energy measurements have been made on the delayed neutron groups by

426,432,442, 443 Lkl

several groups of investigators. -Some of the results on

the mean energies are summarized in Table 11.42,

Whl.  Cox, Fields;,Friedﬁan,_Sjoblom and’ Smith, Phys. Rev. 112, 960 (1958).
4h2. Burgy, Pardue, Willar, and Wollan, Phys. Rev. 70, 10k (1946).

- L443. T. W. Bonner, S. J. Bame, Jr., and J. E. Evans, Pﬁys. Rev. 101, 151k (1956).
44k, R, Batchelor and H. R. McK. Hyder, J. Nuclear Energy 3, 7 (1956).
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Table 11.L41

252 hhl1

‘Delayed neutron.periods. in. the spontaneous fission_of Ct

Absolute yield:

; from Cox and co-workers

i

1Groﬁp . Half life : Relativé neutrons/fission 'Suggééﬁeduh
number (seconds) abundance : ) (%) precursors |
1 20.0 £ 0.5 0.255 £ 0.0l 0.22 % 0,01 I /XerCs7Te?5b? -
2 E 2.0 % 0.4 0.338 % 0.046 1 0.29 + 0.0 - 113%es0srTers02
| 4005 7xe

3 0.5+ 0.4 0.407 £0.12  0.35 % 0.1

Total 0.86 % 0.1

Table 11.42

Mean energies of the delayed neutronhgrOuﬁs for U235
S (sec) I-Il,lgl'lesu32 .Burgy%nzl ' : ,Batcheloruuu
.Group 1/2 Argonne Osk Ridge Harwell
index (kev) (kev) (kev)
1 5k ' 250 * 60 300 % 60 250 + 20
2 S22 : ‘ 560 = 60 670 = 60 460 £ 10
3 5.9 430 * 60 650 + 100 LO5 + 20
4 2.2 ' 620 + 60 910 + 90 450 + 20
5 0.46 420 + 60 400 * 70 .
6 0.13 o | e ——
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11.8.3 Radiochenical Identification of Delaxed—Neutron Precursors¥.

Radiochemical investigations have proved that at least three of the six well-
established delayed-neutron periods are complex. From the work reported below,
it is certain that there are at least nine distinct radioactivitiee'which
contribute to the gross neutrcon decay curves, and it is probable that there are
other nnresolved contributors.b The chemical assignménts are summarized in
Table 11.43. The studies on which these ascignments are based are outlined

below.

The 54 Second and 22 Second Periods
In 1940 HAHN and STRASSMANNMLS chemically isolated several short-lived

halogen activities from fission. Included among these were a 50 & 9L second
bromine activity and a 30 = 6 second‘iodine activity. In later works,u46’uu7

" masses of 87 and 137, respectively, were assigned to these activities; In-
dependently, SNELL and co—workerslm8 identified the 55 second delayed-neutron -
precursor as an isotope of bromine and the 22 second precursor as an 1sotope of
iodine. Comparison with known Br and I B-emitters led to tentative 1dentifica—
tion of Br87 as the 55 second and 1137 as the 22 second delayed-neutron
precursors. Soon thereafter, SUGARMANuAg-established (a) the‘half life of Br87
as 56.1 £ 0.7 second in'agreement with the (then) measured 55.6 t 0.2 second
delayed neutron period, and (b) the half life of 1137 a5 19.3 0.5 second in

. *¥%
substantial agreement with the 22.0 * 0.2 second delayed neutron period.

¥A delayed neutron precursor is a fission product nuclide which B-decays to an
ex01ted state of a delayed neutron emitter.

*Tt 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.

Lhs, 0. Hahn and F. Strassmenn, Naturwiss. 28, 817 (1940).
L46. H. J. Born and W. Seelmann-Eggeberg, Naturwiss. 31, 59 (1943) ; 31, 86 (19“3)°
B47. V. Reizler, Naturwiss. 31, 326 (1943).

L4B. A. H. Snell, J. S. Levinger, E. P. Meiners, M. B. Sampson, and R. G.
Wilkinson, Phys. Rev. 72, 545 (1947).

449. N. Sugarman, J. Chem. Phys. 17, 11 (1949).
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Table 11.43

A581gnment of delayed neutron pPrecursors

Delayéd ﬁéutroh :'_ . Delayed neutron o  Additional gredlcted
period = e . precursor ‘ . precursors
54 ‘seconds ' - '56.1 second Br87 '
22 seconds | 2h72 second 1137
| 16.3 Eiﬁind prS0
6.0 seconds . 4.5 second.Br89(?)
5.6 Eﬁﬁind 38
2 seconds . ) 1.6 second Brgg(?) ' Brgl, Cslu4 
L2.7 Eiﬁind 32
~0.5 seconds | .' ' C , Ilho, Kr95, Br?°
0.18 secondé“ : _ As87, Rb97

* ‘ .
This period has often been given as 4.5 seconds (See Tablekll.37). * This
discrepancy is accounted for by difficulties in resolving the multicomponent
neutron decay curves.

After Keepln, Phys. ReV} 106 1359 (1957), see also comments of R. B. ‘ .
.Leachman in Geneva Conference Paper P/665, 1958.

Y
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450 87

STEHNEY and - SUGARMAN have measured the total fission yield of Br ' as 3.0 *

- O.l%vand.the energies of.Br87 B-rays as 2.6 and 8 Mev. See Fig. 11.93. This
. 87 N .

-establishés the neﬁtron emitting7levels in Kr 'at.energies 2 5.4 Mev.

PERLOW and STEHNEY T

seconds among the bromine fission products and assigned it to the precursor

B0,

identified a neutron period of 16.3 * 0.8

This was the first identification of a'precursor-of odd-odd nuclear
type. . This 16.3 second activity contributes to the 22 second period but to a
lesser extent than does 2L second 1137.' KEEPIN, WIMETT ananIEGLER,Ass

example,,were not able to resolve.a 15 second period from their decéyvcurves

for

of gross neutron activity. _
The reéulté of COX et al;

spontaneous fission of Cf252 (givexabdve in Table 11.41) indicate that there
252

L

on the delayed-neutron periods in the

may be additional contributors to the 22 second grOup._ In the case of Cf
'bromine isotopes cannot contribute to the delayed neutrons and one mightAexpect
the 24 second 1137 to domiﬁate completely. - However, the measured'period is 20
+ 0.5 seconds instead of 24 seconds indicating that one or méré unidentified

252

heavy-fragment precursors'must contribute to the Cf 20-second group; these. -

unidentified precursors may well be présent-also in U235 fission.

The 6 Second.Period'

A contributing precursor of the third.delayéd-neutron group. (~6 s&cond
half life) has been shown™® to follow the chemistry of bromine and to have a
mass number in the range 89_to 9L. Attempt to measure the half lives of.Br89
and Br9l_radiochemically — by extraction of the descendent :Sr activity — were
unsucceséfulAdue to prohibitively low activity at the time of counting.4h9

Because of the difficulties in radiochemical identification of the 6
second..and shorter periods, SUGARMANMSZ_strove to place some limitations onvthe
possible choices of mass nunmber and element by means of a recoil technique.
Previous work had shown (See Section_ll.6.&)_avregular variation of recoil

range with the mass 6f the fissionvfragments, the range decreaSing, as the mass

450. A..F. Stehney aﬁd.N. Sugarman, Phys. Rev. 89, 194 (1953).
451. G. J. Perlow and A F. Stehney, Phys. Rev. 107,776 (1957).
452. N. Sugarmen, J. Chem. Phys. 15, 5kk (1947).
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o Br" (+555)
Y2 ~29% _ )
<26 MEV S
26 MEVS

87 - - ke . Rb

MU-18980

. 11.93. Schematic interpretation of delayed -neutron
emission in the case of th%}r_n?ss 87 fission chain.
" Figure prepared by KEEPIN.
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- in the iodine fraction. The bromine activity is tentatively assigned to Br
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increases, as shown in Fig. 11.70. Thus the mass number of a fission product
can be.estimated by measuring the range and comparing it with ranges of fission
products of known:maSS'number. SUGARMANlp52 measured the amounts'of'the_h.S

second and 1.5 second delayed-neutron activity passing fhroughvvaridus thick=~

 nesses of aluminum foil. He then used the recoil ranges-bf_the 55.6-second
-and the 22~secodd,activitiesras_standards'to compute a value of the ranges of

the unknowns. He was‘éblé to stéte that a h;5 second activity and the 1.5 “

second.activity'had‘mass number of 90 £.10 and 129 £ 5 respectively. From .a -

knowledge of the regularities in the mass yield curve of fission, the mass

number ranges could be further reduced to 86-91 and 129-135 respectively. Using
this as a guide, Sugarman showed that the 4.5 second activity accompanied the

55.6,second.Br87,activity through radiochemical procedﬁres.specific for

‘bromine. .This established the identity of a .main contributor to the k-6 second

delayed neutron group as bromine of mass number 86 to 91. Present evidence

453

favors the aséignment Br89. PERLOW and STEHNEY corroborate the existence of

‘a bromine fission product delayed neutron precursor with a half life of hol

0.5 secoﬁds.
’ PERLOW and STEHNEY
neutrons with a 6.3 * 0.7 second half life and attributed it to.I138 which is

453

also found an iodine activity which emitted

known_ffom other studies of,its beta particle deéay to have a half life of 5.9

seconds.

The 2iSecond»Period
453

PERLOanndtSTEHNEY studied neutron radiocactivity in,bromine and iodine

fractions isolated quickly after neutron irradiation of'U235 and found a 1.6 %

0.6 second neutron period in the bromine fraction and a 2.0 £ 0.5 second period

90

while the iodine activity is to be identified with I 39 whose half 1life has been
e | |

determined radiochemically

to be 2.7 seconds.

453. . G. J. Perlow and A. F. Stehney, Phys. Rev. 113, 1269 (1959); see also

- Paper P/691, Volume 15, of Proceedings of the .Second United Nations
Conference on the Peaceful Uses of Atomic Energy, Geneva, 1958.
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The,OfB 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 Table 11.L43.

11.8.4 The Shell Model Interpretation of the Ddlayed.NegtggnnEmitEezi.
The BOHR-WHEELER mass equation makes it clear that heta emitters far removed |
from stability can have sufficiently great decay ‘energies that neutron emission
from excited levels of daughter products may be possible. However, thls mass
equation is not able to give correct assignments to the delayed neutron pre-
cursors observed in fission. .The shell model can assist in making proper
assignments and predictions through a consideration of the sharp dropsAin neutron
‘binding energies which occur at the shell edges. Only the 50 and 82 neutron
shells are of significance in this regard as they are'&mtonly neutron shells Whlch
occur in the regions of appreciable fission yleld '

In the beginning it was usual 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 nuclldes which because of their particularly low
binding energies for the last neutron would .exhibit the greatest probablllty
for neutron emission. The known activities 52BI°87_9 (522 r(89) gg 137, and
'gg 139 fall in line with this view. However, it has come to be realized that
-E5 -'Bn‘> 0 is the real criterion for delayed neutron emission and that one must
consider odd-odd nuclei with neutron numbers slightly higher than closed shells
as eqpally probable candidates for delayed neutron precursors; this stems from
the fact that the beta decay energy of odd-odd nuclei is gresfer than for odd-
even nuclei. Hence it is not surprising that the odd-odd nuclei Br88 and 1138
have also been identified among the fission product neutron activities.

b5L, 455

Some' authors have carried thru semi-theoretical analyses of nuclear

mass trends, neutron binding energies and the systematics of delayed neutron

454%. G. R. Keepin, Phys. Rev. 106, 1359 (1957).

455. A. C. Pappas,; Paper P/583, Woluwmer 15, Proceedings of the Second United
Nations International Conference on the Peaceful Uses of -Atomic Energy,
Geneva, 1958.

ﬁSee for example the discussion .in reference h53.
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emission probabiiities in order to compile a list.of:possible contributors to

the~delayed-neutron_emitters in fission.

It is noteworthy that other delayed neutron activities discovered in ‘

.experiments unconnected with nuclear fission are explained by similar shell model

considerations. N 7 discovered by ALVAREZM56 and L19 discovered by GARDNER

KNABLE and MDYERu57iare beta emitters producing a daughter nucleus with a weakl y~

bound neutron added to a particularly stable even-even configuration.

456. L. W. Alvarez, Phys. Rev. 75; 1127 (1949)
457. A. L. Gardner, N. Knable andB J. Moyer, Phys. Rev. 83, 1054 (1951)
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11.9 GAMMA RAYS IN FISSION

A knowledge'of the prompt gamma rays accompanyihgvthe fission of a heavy
nucleus should provide some very crucial tests for any detailed theory of the
fission process. A knowledge of the prompt gamma spectrum is also’ of some impor-
tance in designing shielding for a ‘reactor or other critical assembly

Barly studies of prompt gamma rays in the fission of U 35_by DEUTSCH' and
ROTELATT®® and by KINSEY, HANNA and VAN PATTER®® gave 4.6 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 GAMBLELF6O and of MAIENSCHEIN et

al.u6l gave the considerably higher values of 7.46 and 8.0 Mev respectively.

A very careful study of prompt gamma emission in U235 fission was reported by
MAIENSCHEI%%éEEELEE, ZOBEL and LOVEu62 at Geneva in 1958. The gamma-ray energy
spectrometer/bf the multiple-crystal scintillation type;u63 One sodium iodide
(t1) crystal (the "center" crystal) absorbed the energy of electrons produced
by gamma radiation incident upon it. Auxiliary crystals largely shielded from
the U235 sourcyg detected secondary gamma rays from either the Compton or pair
interactioh processes in the center crystal. The two crystals were operated in
coincidence. Experlments o determine the gamma ray spectrum in time coinci-

235

dence 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 10_8 seconds. The prompt gamma-spectrum observed by this technique.
is given in Figle 11.9%. The average energy is 7.2 * 0.8 Mev.

These experimentalists also show gamma spectra for radiation emitted

’ ’ —6 . =
shortly after fission in delay periods ranging from.0.12 x 10 to 1.4 x 10 6

458. M. Deutsch and H. Rotblatt, Atomic Energy Commission Declassified Report,
AECD-3179 (19kk).

459. Kinsey, Hanna and Van Patter, Can. J. Research 26A, T9 (1948).

460. J. Francis and R. Gamble, Oak Ridge National Laboratory Report, ORNL- 1879
(unpubllshed) :

W61. F. Maienschein et al., Oak Ridge National Laboratory Report, ORNL-1879
(unpubllshed) .

462. .F. C. Maienschein, R. W. Peelle, W. Zobel and T. A. Love, Paper P/67O
-Proceedings of the Second Unlted Nations Conference on the Peaceful
Uses of "Atomic Energy, Geneva, 1958.

%
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seconds. They also studied gamma rays emitted é few seconds to a few minutes’
after fission. The most surprising feature of thése 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 rénge. Since nuclear beta decay is

3

seconds these measured

TN

energetically forbidden for decay times as short as 10~
gamma rays must be assumed tofarise from isomeric transiﬁions. SKLIAREVSKIT
found that virtuallyvall'the gamma ray photons are emitted in a time interwal
1/2 o 2-1/2 millimicroséconds after fission. .
There are experimental difficulties connected with a stﬁdy of U235
fission bécause of the neutron atmosphere reqiired for the experiments. SMITH,
FIELDS and FRIEDMAN'C’

the spontaneous fission of Cf

thought it desirable to study prompt gamma emission in
252‘whefe the experimental conditions are "clean"

and there are no complicating baqurounds. Furthermore, since the characteris-
2oz and U235
this chapter, thé»release of gamma radiation might.be'expectedAto be similar in
the two cases. BOWMAN and THOMPSONlL66

The measurements were made by coincidence techniques requiring the

tics of fission in Cf are very similar, as we have noted throughout

carried out a similar study. "~

simultaneous response of fission fragment and gamma ray deteétqrs, SMITH,
FIELDS and FRIEDMANLL65
because of the speed of its response and single or multiple sodium iodide

crystal detectors for the gamma rays; BOWMAN and THOMPSONM66 used an ioniza-

used a gas scintillator cell as a fission detector

tion chamber to detect fission fragments and a sodium iodide crystal to det ect
gamma rays. In both studies the measured gamma ray spectrum had to be corrected
in a major way for the photoelectric efficiéncy of the crystal, Compton electron

and pair production effects, etc.

4163. 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).

4L6h. V. V. Skliarevskii, D. E. Fomenko and E. P. Stepanov, JETP 32, 256 (1957);
translation Soviet Physics JETP 5, 220 (1957).
465. A. B. Smith, P. R. Fields and A. M. Friedman, Phys. Rev. 104, 699 (1956).

466. H. R. Bowman and S. G. Thompson, University of California Radiation
Laboratory Report, UCRL-5038, March, 1958; also published as Paper P/652
in Proceedings of the Second International Conference on the Peaceful '
Uses of Atomic Energy, Geneva, 1958.
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465

Figure 11.95 taken from the paper of SMITH, FIELDS and FRIEDMAN shows

252

the corrected photon. spectrum of Cf and‘compares it with the spectrum observed

U235.

in the slow-neutron induced fission of .The spectra are seen to be very

similar. Some characteristics of the photon spectra are compared in Table 11. 4k,
SMITH, FIELDS and FRIEDMANA65

ray spectrum in coincidence with fragment pairs measured in a double ionization

also made some measurements of the gamma

chamber. The photon spectrum was studied as a function of the mass ratio. The
data .were divided into three groups correspoﬁding tQ symmétric mass division,
the most probable mass division and the most asymmetric mass division. - Within
the 8% statistical accuracy of the measurement the results were identical.
MILTON and FRASER'CT

measurement of the veldcities of both fragments inithe spontaneous fission of
252 ‘
Cf

combined gamma ray detection with simultaneous

. The energy of the gamma rays was measured over the energy interval 300
" kev-1l.4 Mev. This spectrum changed slighﬁly but . significantly as a function of
the mass ratio of the fragments but not significantly as a function of total
kinetic energy of the fragments.p:Thé:yieldgofﬁgamma rays showed -a pronounced
dip in the region where one of the fragments’is near the doubly magic nucleus
Snlaz. |

' .The magnitude of theftotal fragment excitation energy taken away by
gammavemission is.a puzzle. It is usually assumed that neutron emission will
~occur much more rapidly than gemma emission as long as the fission fragments
retain sufficient energy to emit -a neutron. The various neutron '"boil-off"
models such as those of LEACHMAN andeAZEKu68 or of TERRELLM69 would predict
that about k-5 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 conclusim that gamma;ray

emission competes more successfully with neutron'emission'than.present theory
would predict; although this hypothesis is hard to feconcile with the spectral

shape.which shows that less than 2 percent of the photons have energies greater

4L67. J. C. D. Milton and J. S. Fraser, Phys. Rev. 111, 877 (1958); also pub- .
lished as Paper P/ZOO, Proceedings of the Second Interm tional Conference
on the Peaceful Uses of Atomic Energy, Geneva, 1958.

468. R. B. Leachman and C. S. Kazek, Phys. Rev. 105, 1511 (1957).
469. J. Terrell, Phys. Rev. 113, 527 (1959).



-318- UCRL-9036

5
1.0
0.1 .
=
oD
b
o
w
i
= 0,01
5 0
=
o
2 N
E Cf252 (PRESENT EXP.)
b= .
.°‘ -
~=———— U235 4  (MAIENSCHEIN)
0.00}
P ———U235 & o (FRANCIS et al.) \\
¢.0001 L L ' l —] : = :
0 I 2 3 4 5 6 7 8 s
ENERGY IN Mev
MU-18906
V

- Fig. 11.95. Photon spectrum from the i%@ﬁion of‘Cf252 and UZBS

From Smith, Fields and Friedman.



“UCRL-9036

Table 11.Lh

Characteristics of prompt gamma‘rays.emitted{in‘fisSion

: C ' Energy lbss Lo e ,
‘ ~Photons ~ °  in photons . Total énergy
Fissioning Total photons  per fission per fission ~ loss in .
per fission (0.5-2.3 Mev) (0.5-2.3 Mev) ~ photons Ref."
T4 - e-= - 7.2 Mev 462
10.3 5.0 5.2 8.2 Mev 465
10 | MU —-- 9 Mev 466
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u69,states that it seems quite possible'ﬁhat the extremely

than 2 Mev. TERRELL
high electromagnetic fields present during the.scceleration of fission frag- .
~ments to final velocity might induce gamma -ray emission _in~times »Of th'_e -order )
of lO-21 second. High. nuclear distortions mlght also favor gamma emission, as. 7
suggested by MILTON. k70 ' ’

The multiplicity of the gamma rays also poses a theoretlcal problem

PREVIOUS.REVIEW-ARTICLES ON'LOWvENERGY FISSION

I. Halpern, "Nuclear FlSSlon , Annual Review of Nuclear 801ence 9, 245 (1959

Proceedlngs of a Symp031um on the Physics of Fission, held.at Chalk Rlver,
Ontario, May 14-18, 1956, Report CRP- 6M2A Atomic Energy of Canada Ltd.
Chalk Rlver, Ontarlo 1956 : :

"Physics of Fission", a 1956 symposium published in Atomnaya Energ. Supplement
1. English translation available from Pergamon Press, New York, 1958 or from

Consultants Bureau.

W. J. Whitehouse, Progress in Nuclear Physics 2, 120 (1952).

T70. J. C. D. Milton, unpublished suggestion, 1956.
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Table 11.k4k

_Characteristics of prompt gamma rays emitted in fis&ion

“Energy- loss

_ Photons * in photons Total energy
. . Fissioning Total photons per fission ~ per fission - loss in =~ =
isotope per fission  (0.5-2.3 Mev) (0.52.3 Mev): photons: _ * Ref.
U235+nv - A3 S R 7.2 Mev “‘462
cr2o? 10.3 5.0 5.2 8.2 Mev 165
cr®? 10 - = oMev k6




UCRL-9036

-320-

than 2 Mev. TERRELLLL69

high electromagnetlc fields. present durlng the acceleration of fission frag-

states that it seems qplte possible that the extremely

ments to flnal,ve1001ty mlght induce gamma-ray. em1551on in times of the order (aﬁik
of thZl secOnd. High nuclear dlstortlons mlght also favor gamma emission, as ‘
suggested by MILTON. 470 , o o

_The multlpllc1ty of the gamma - rays also poses a theoretlcal problem

PREVIOUS REVIEW ARTICLES ON . LOW’ENERGY FISSION

I. Halpern, "Nuclear Fission", Annual Review of Nuclear Science 9, 245 (1959).

Proceedings of a Symposium on the Physics of Fission, held at Chalk Rlver,‘
Ontario, May 14-18, 1956, Report CRP- 6h2A Atomic Energy of Canada Ltd.
Chalk Rlver Ontarlo, 1956 -

"Phys1cs of Fission", a l956 symposium published in Atomnaya Energ. Supplement
1. English translation avallable from Pergamon Press, New York, 1958 or from

.Consultants Bureau.

‘W. J. Whitehouse, Progress in Nuclear Physics 2, 120 (1952).

T70. J. C. D. Milton, unpublished suggestion, 1956.
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