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—

NUCLEAR CHARGE DISTRIBUTION IN THE REGION OF ASYNMETRIC
FISSION OF 2?‘0 BY PROTONS OF ENERGY 20-83 NeV

|

The independent formation cross sections of >¢¥Fpm

and 150“ and the cumulative formation croas sections of -

1“C‘. 146’:' ‘147“‘!. 1“84. IQSN' 151‘“. 131“’ 1‘“8&. \1388“"

136 and 137 g 38

Eu produced in the fission o U by protons

Sm,
of energy 20483 NeV have been measured radiochemically. The
independent cross sections of l“nz "“m. and 1Slm have
been estimated from the cumulative yields.- Excitation functions
were constructed and the energy at which their u(axim was
reached was observed to decrease with proton energy when
conpared to increasing mutm-to-ﬂ:oton ratio of the products.
The cumulative cross uc'tiom have been used to
provide a better definition of the heavy wing of the mass
distribution. The fractional independent yields deduced
from the independent cross sections have enabled the con-
struction at each incident m;rqy of charge dispersion curves
répresentative of the A = 146-1351 mass ::oqion. With increasing
incident enerxgy, the most probable charge 3, moves toward
aubtfnty with a rate of duphomat slower than that observed
in heavy products of lower mass. The full-width at ha_l!-



A
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maxinum of the curvea broadens with increasing Mn\'

onérw while remining narrower than in the case of neigh-
bo/urlaq lower masses, thus confirming a mass r;qion depend-
ehce suggested by Sthor workers. The eatimated \t\onl./

u}ﬁnbcr of neutrons enitted during very n)‘mntnc YT
divisions induced at nedium energy was found to lower than
in less asymmetric fisaion processes.

’ The results in this Wmass range appear to be oon--
sistent w;th a émuv contribution of d}‘nce intezaction

mechanisns l.nfd}ng o low-energy deposition events with

increasing ,bonbug}nq shexgy. N
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DISTAIBUTION DE CHARGE DANS LA FISSION ASYMETRIQUE
ox 23% INDUITE PAR PROTONS DE 20 A 13 Nev

2
Lea sections efficaces de formation indépendante

de "““m et 130“. et les sections ofneaeo: de formation

cumulative de 1%%ce, 148pp, 1474, 149y, 149, 181,

"“m. “’m. usm. 1“8:« ot l‘“lu produits au cours de

la fission de 3% induice par protons d'énergies compriaes

entre 20 et 85 NeV ont &té mn’uﬂn par voie naiocﬁimqm.

Les sections efficaces de formation ind‘pondmt*. de l“?r

‘14950 ot 1¥lpm ont pu $Stre dfduites X l'aide dés rendements
cumulatifs mesurés. Les fonctions d'excitation des produits °
indépendarnts atteignent leur maximum & une Cagrqh incidente

qui décroit correlativement 3 un accroissement du nppo:é

3

neutron-proton des nucléides correspondants.
Les sections efficaces cumulatives ont servi 3}

&

mleux définir la partie de la distribution de masse $1tute
au niveau des misses Slevées. Les rendements 1nd¢po'ndant|
déduits du sections efficaces 1n&%pondanus ont pimia.
pour ehaqm énergie incidente, Na con‘tmeuon des eo\xrbu
de distribution de charge a'appliquant d la rdgion de masse
A / = 146-131., 3! charge la :pluc probable 3, se déplace vers

A

i




.,

A

la ligne de |ttb1/11tl au fur et 2 mwn que 1'Cmrvh crote, |

Toutefois, ce déplacement est moins nrqu& que «xu obhservé

dans le cas de produits lourds de masse moins Slevée. Les ]

largeurs 1 mi-hauteur des distributions croisient avec

1'¢nezrgie inoidci\u to\i;e en restant plus lt{onn ‘que dans

le cas de produln de fiasion voisins de masse moindre.

Ceci eonnm 1'influence de h ™sse sur la largeur des

diatributions, comme l'ont 48jd auggéré plusieurs auteurs.
L'eatimation du nombre total de neutrons &mis 2 i

woyenne &nergie au cours de diviaions en :ﬁ“o i caractire
R ¥y 1 uynlt'uquo conduit d des valeurs in!‘:i.n;ia i celles |
calculées dana le cas d'$vinerents moins umtnqun.
Les rdédsultats dans ce domaine de masse sont en
ac‘cord ;vio 1‘)\xypothin d'une contribution huport\?gt des
nécanismes d'interaction diugn conduisant 3} de faibles

Aépdts 4'énergie d'excitation.
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A. INTRODUCTION




The discovery of nuclear fission was the unexpected
outcome of the efforts of Fermi and his collaborators to '
produce transuranic elehents by means of the irradiation of
natural uranium with neutrons (Fe 34). Nany radioactive
species were found to be produced and believed, at first, to
be the result of the 8 decay of the resultant nucleus,

i.e. transuranic slerents. The establishment by Hahn and
Strassman (Ha 39) of the chemical identity of these elements,

among others barium and lanthanum, forced the consideration
'‘of another type of formation. The fact that these products
had a mass roughly equal to half that of the target led
Neitner and Frisch (Me 39) to the conclusion that the products

originated from tha splitting of this nucleus. To describe
this process, they proposed the term nuclear “"fission".

Fission has now -bccom a branch of nuclear physics,
- one of the most complex, and yet it has developed almost inde-
pendently from 1!:.,‘?‘ In spite of numerous theoretical proposals,
there is to date no comprehensive theory capable of repro-
ducing in a complete fashion those features that can be L
observed experimentally. aovgnt, partial successes have been
achieved by means of various models and empirical rules.

IX. NATURE OF THE FISSION PROCESS

WNhen 2350 is hombarded with tfnml neutrons, the

A ;
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, .
following reactions occur:

A

235 g 236 236 232

92V * ot — m_l_. 92“ soT? (A.1)

l———o(h\)+(: ) + vin +Q

121 M2 0

%2

where: ‘1 + 82 = 92

A1+A2+v'236

in order to satisfy the laws of conservation of charge and

mnass. The values of °1 and Py the cross sactions for the

reactions, give the relative probabilities of occurrencs.

They are respectively equal to 110 and 576 barns (Ha 59).

Meitner and Frisch (Ne 39) were the first to propose a theo-

retical explanation based on the image of a liquid drop: just

as a drop of liquid divides into two drops, so might a nucleus

split into two smaller fragments and orne might then describe

the process as the following sequence of events (Fig. 1l):

1)

2)

Formation of the compound nucleus: the product is an
excited nucleus in a state of deformation similar to the
-ground state deformation.

The oscillations set up by the .xt;rnal perturbation
inside the nucleus inc:oas.zthc original deformation to

a point called saddls dQEOtnation. This is the transition-
state nucleus and the time required for the passage from
the ground state to the saddle point is short (in this

instance, short means of the order or less than the time

I




L%

FIGURE l: Scission configuration in the fission process and

neutron emission.
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3)

'4)

S}

6)

period required b;”k nedium—eanergy particle to travel a
distance comparable to the nnglocr\dianntct. typicullyl
10722 gqc. |

The transition state nucleus oscillates through many
shapes and the lifetime is of the order of 10™15 sec.

for thermal-neutron capture. This is the point where
the potential energy of the system has r‘tched its
mnaximum.

The deformation increases and the nucleus reaches a pqint
where the configuration is that of two sopa?atc fragments
(scission point). This transition is rapid (10~2! o
10'20 sec.) and corresponds to a decrease in potential
energy. A small particle (mostly prompt neutrons) may be
emitted.

Under the influence of the Coulomb repulsion, the excited

egggégx_gggg!!ggg are accelerated. They reach approximately

-20

90% of their final kinetic energy in 10 sec: Thase

fragments have approximately the same neutron-to-proton
ratio as the initial nucleus and hence are highly neutron-
rich.

The primary fragments undergo de-excitation, by neutron
emission (1073 to 10718 gec.) until the remaining ex-
citation energy falls belaw the binding energy of the last

.neutron, then by y-ray emission (10'11 sec.). They are

noﬁ the secondary fission fragments or primary fission
products (xlal), (:zaz).




7) Although primary products are in their ground states,
they still u‘t/ in the great majority quite far from the
\ ) -
8 stability line and hence are radiocactive. § decay

occurs which sometimes populates a neutron-unstable
lavel to give delayed-neutron enitters. This process
is very slow (> 1073 sec.). A

Fission products can be classified into three groups:

1) Indepegdently-formed products (shielded nuclides): these
are shhlq,( / from formation by a stable or axtremely long-
lived pticunor. They are qithcr primary fragments or the
pro;!ﬁ/::t of neutron and y-de-excitation of pri;na.ry fragments.

2) /C/u;ulatiwlx:tomd ggggucu; they result from both inde-
pendent formation and 8~ decay of their precursors.

3) Semi-shielded products: these are partially shielded from
formation by radiocactive decay by a precursor whose half-
life is long enough to allow chemical separation of the
daughter product bafore appreciable decay of the parent
has taken place. | / j

The first and third type of products are studied by radio-

cherists to determine nuclear charge distributions in fission.

The second, usually the last member in the radiocactive decay

chain, is studied to determine the mass distribution in fis-

sion. |

IIT. BLENENTS OF A COMPLETE THEORY /

A complete knowledge of internucleonic forces would

e

\ = .
//—/ T T T T T e - T //

- -
// - - -
(0 \ T



0

L)

, b

6
L N : ,
lead to an exact Hamiltonian for the energy of the nucleus
and one qould write:
2 f
AP A A
1
Bwl + vl IV + E*N (A.2)
{ imval 0y 1 |
where: ’1 is the momentum of the ith particle

vu is the exact potential of the interaction
of the ith and jth particle

<

E+N is a term which allows for the existence /\

‘ot the electromagnetic field. [
The solution of Schr'o‘dinqcr‘i equation making use of this
Ramiltonian would, in principle, explain all nuclear phe-
nowena, including fission. Firstly, it is necessary to know
the tom/ot the potential vn and also how this potential
varies as a function of the deformation coordinates. Secondly,
the knowledge of the dependence of the kinetic energy part of
the Hamiltonian o\\fhc time derivatives of these same defor-
mation coordinates 'is ‘rcq\iirod.\ Once the potential and kinetic
energy variation is known, it is possidble to carry out formally
a egiplotn dyx}uic/al ccléulhtion. starting from a given set of
initial conditions. However, in the present case, the solution

’ot tﬁ" equationg of motion is complicated by the fact that a

collection of nuclei may exist in a wide variety of initial
conditions. .Furthermore, the calculation of average quantities
such as fission rates, the kinetic energy and excitation energy
distribution of the fragments, where a huge number of nucl;i

—_—
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are involved, renders necessary the use of st¥tistical
mechanics. Finally, considering the complexity of a system ‘
like, for example 2‘”0, where 708 internal degrees of
freedom are involved, i.t; is not surprising that a complate
solution to the problem of fission, by means of a.foml
approach developed from first principles, remains out of
reach of most known methods. ' \

\ An a.ltcrmtiv; method that overcomes many of the
diffjculties inherent in more fundamental approaches consists
of constructing a nuclear model which yields a much simpler
Haniltonian. The models of nuclear fission currently utilized
are divided into two main catagories (Fr 66):

- adiabatic models = these have heen developed
under the assumption that the coupling between
the collective and the internal motions is weak.
This condition is met in the ligquid—-drop model.

- non-adiabatic models where the coupling is strong.

- This is the basis on which the sg:Qusucu‘nodel

rests.

IV. NUCLEAR NODELS

a) a Miabatic models

[ .
i) f; Liquid-drop wmodel (LDN) \

. Folloving the suggestion of Meitner and Frisch,
Bohr and moq}ct (Bo 39) were the firat to give an extensive

treatment of the fission process envisaged as the division of

-




o ' a charged liquid drop. The basis for this model is similar
) to that for the Weizsicker semi-empirical mass equation
(Ne 35]). The nucleﬁs is assimilated to a uniformly charged
sphere of incompressible matter whose shape represents a
balance between the nuclear forces, wﬁieh translate into
surface tension, and Coulombic repulsive forces. Thus, the

liquid-drop model in its simplest form describes the potential

energy changes associated with shape distortions in terms of
the interplay of the two factors mentioned above. If the
electrostatic forces become greater than the restoring }

surface tension forces, the drop may divide into two or more

4

fragments.

. \ In the case of small distortions of a sphere, the

3

radius, R, can be writtgn as:
R(O) = Rbll + a, Pz(cose)] gA.s)

where ) is the angle of the radius vector
is a parameter describing the amount of

quadrupole distortion

Ro is the radius of the undistorted spﬁere

P, is a Legendre polynomial

The surface and Coulomb energies are given by Bohr and

‘ Wheeler as:
oo 0 2 2 0 1 2
Eg = Eg(1 + g aj3), B = Ec(i -F ag) (a.4)
“" ) vhere = Eg and E°

are the surface and Coulomb energies of

c
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: ’
undistorted spheres, and a, is as defined above. In order

for the charged liquid-drop to be stable against small defor-
1 2

mations, the decrease in Coulomb energy AEC = -gq, must be
smaller than the increase in surface energy AE_ = é a%.

The drop will become unstable when IAECI/AES =1, i.e. when

Eg/ZEg = 1. This ratio defines the fissility parameter and

L 4

may be expressed in terms of .the mass number A and the nuclear

charge 2 of the nucleus- (Gr 54):

( x = 22/50.134 (A.5)

-

238 252

typical values of x are 35.56 for U and 38.11 for Cf.

Above % = 125, this sample liquid-drop model would predict
spontaneously fissioning nuclei, i.e. nuclei which are ex-
pected to fission in a time comparable to a nuclear vibrational
period.

For larger deformations, as those encountered
beyond the saddle point, it becomes necessary to include
higher-order polynomials than are given in Eq. (A.2). The
drop shape may be describea in terms of an expansion in
Legendre polynomials:

R

R(8) =.-A—9 L+za
n=

n Ppnlcos(eni (A.6)

where A is a scale factof required to ensure that the volume
remains constant. The three coordinates 0y, Qg and a,
represent the fission, mass-asymmetry, and necking degrees

of freedom. In this expression, even values of n give shapes

/
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that are axially symmetric and symmetric towards reflegtion
through the central plane perpendicular to the axis, whereas
odd values of n still give axial symmetry but do not give
reflection symmetry. The appropriate variations of the coef-
ficients o with time will generate a saries of shapes which
is meant to reproduce the actual sequence leading to the
scission point.

Many other types of represantations have been used
also, depending on the type of configunrations studied. For
shapes close to a spheroid (ellipsoid of revolution]) one may
describe the nucleus in terms of a perturbed spheroidal ex-

pansion (Jo 70, Sw 56, Sw 58) . The two extreme cases ob-

tained in this representation consist of an infinitely long
needle and an infinitely thin disc and therefore this
parametrization is unable to describe the later stages of
the fission process, due to the absence of formation of a
neck. Configurations close to the scission point are well

described by perturbed Cassinian ovals (Pa 71, Ad 71). Shapes

such as two touching spheres are however better reproduced by

means of a two-center parametrization (Ha 68, Wo 69, Mo 70a).

This method, however excellent for describ‘ing separate nuclei,

is impractical for a single nucleus because of a cusp in Ehe

nuclear surface in the region where the spheroids interact.

This cusp can be removed by adding to the equation of the -

two spheroids an additional function which connects s-ootl;ly
Jthc two outer spheroids (Mo 71, Mu 72).

Y
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Mapping of potential energies based on such a

treatmert involves of course_a great deal of arbitrariness

Y
in that the initial shapes from which calculations are car-
ried out are chosen intuitively as the best mathematical ap-
proximations to a certain typ; ‘of confiquration which is

believed to be representative either of the saddle point or
of the scission point. Furthermore, simple liquid-drop cal-
culations do not take into accoi';nt the dynamic aspect of the

fission process. Therefore, the goal of the method remains

limited to the estimation of static properties of certain

shapes of deformed nuclei.

Applications of the LDM model have basically
yielded three types of information:

- valuas of nuclear_,‘nasses.

- fission barriers. .

- most probable modes of fission.

In the first case, Myers and Swiatecki (My 66)

were able to reproduce the mass decrements of 97 8-stable
nuclides in what remains probably the best illustration of
the quali\ties of the method. However, one chserves systematic
deviations between calculated and experimental values, especial-
ly pronounced in the region of the so-called magic nuclei (see
following section). In soms cases, nuclei appear to be as
much as 13 MeV more bound than predicted by the LDM average
fit (ar_72). / _ |

/ Fission threshold energies obtained by Androsenko

et al. (An 69) by an analysis based upon obscrv.a fission

L]
I
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cross sections have been compared toc the predictions of the
liquid-drop model for fissioning actinide nuclei of masses
232-245. These experimental barriers are seen to decrease
slightly with increasing mass number of the fissioning nuclei,
vhereas the LDM predicts a rather sharp decrease over this
mass range. A quantitative fit would require the use of un-
realistic fissility parametears. ‘
One of the first extensive investigations of

equilibrium configurations has been performed by Cohen and
Swiatecki (Co 62, \co 63). The drop, assumed axially symmetric,

was parametrized using the classical kegendre polynomial
expansion with n = 18. The different terms of the potential
energy were calculated by numerical integration and for a
given value of the fissility parameter. The total energy was
made stationary with respect ‘té: small changes in the defor-
mation parameters. ‘The apéearance of e shapes changes from
dumbell-like for x < 0.67 to cylinde®-1ike for x > 0.67.
Configurations were found to be stable against asymmetry

down to x = 0.39. 'Using a different mathematical approach, {

‘Strutingsky et al. (St 64) have arrived at the same conclusion. /

This result constitutas ohe of the major fa_i.lures of the LDNM
theory since this model v&s ox:iginally developed in the hope
that it would provide an explanation for the asymmetric mass
‘distribution encouptered in low-energy fission - the over-
whelning majority of equilibrium—configuration studil.es point
to the fact that no asymmetric equilib;iun configuration - V
exhibits a lower energy than the’ symmetric. \

!
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o Certain refinemants to the LDM have been intro-

. duced, l;ka nmodifications for a diffuse surface, a non-
uniform charge distribution, compressibility and curvature-
dependent surface tension. Among those of relevance to
fission are corrections which are dependent on distortion.

Strutinsky (St 64) has investigated some of these effects

and the overall result\ is that predicted barriers are

lowered. However no quantitative statement has been made.

Nix (Ni 67) has introduced a correction for barrier curvature

based upon considerations of surface diffuseness. This
modification has not significantly altered the previous

conclusions.

ii) Shell model

This model was initially developed by Mayer (Ma 48,

Ma 49) in order to explain the gaps observed in the energy-

level structure of certain nuclei where certain combinations
Of neutrons and protons (like for example 2, 8, 20, 50, 82
and 126) give rise to an exceptional stability. By analogy
‘with the atomic structure terminology, these combinations -
are called shells and sub-shells. Bach particle in the "
nucleus is eonsiderad as independent and the ut;taction
betwean particles is a small perturbation on t!{e int'(eraction
between particle and the potential tielfl. A review of the
various tw of ﬁotent?.als used in single-particle calcu-

. lations has been given by Nix (Ni 72). A pairing correction
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which arises fram the short-range interac}on of correlated
pairs of nucleons should also be added (Be 53). In the
framework of'this model, shells are interpreted as large
distinct groups of degenerate single-particle states in a
spherical nuclear field \@_]:_Z_Z_) . This approach has provided
a basis for a microscopic theory where collective excitations
found in nuclei are described as the result of a coherent
motion of the shell-model particles. 1Its extension to ‘non—

spherically symmetric average fields by Nilsson (Ni 55) has

led to the correct prediction of the grouwnd-state spins and
low-excitation spectrum for most of the even-odd nuclei.

Conversely, Mottelson and Nilsson (Mo 59) have successfully

applied this model to the evaluation of nuclear ground-
state deformations estimated from the sum of single particle
enefrgies. ’/
Attempts have been made to extend such a treatment
to larger deformations, such as those encountered in the
fission process. The extent to which shells play a role in
the fission act seemed to be clearly demonstrated by the
structure in the dependence of neutron yields on fragment

mass, first observed by Fraser and Nilton (Fr 54). This led

Terrell (Te 62, Te 65) to the conclusion Fhat the neutron
yields are closely related to the defomi:ilities of the

‘nascent fragments. In particular, the unml value of Vv

observed for fragments with A & 130 originating from the
thermal fission of 2330, 23.50. 2392!1. 2SZCf was immediately
|
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related to the presence of a doubly magic shell 2 = 50,

N = 82.

Johansson (Jo 6l) was the first to show that the

shell -structure of the deformed nucleus determines to some
extent the features of the mass distribution, in view of a
linear relationship between the mass ratio of the most
probable fission fragments and the degree of octupole
deformation calculated at saddle point for fissim\xing

227 252

nuclei ranging from Ac to Cf. Quantitative agreement

was obtained by the same author in the case of the peak-to-

£ 236 240

valley ratio of the mass distribution o U and Am for

excitation energies below 10 MeV.

Anomalies in the spontaneous fission half-lives
have also been interpreted in terms of shell effects. This
was suggested by an absence of correlation with the fis-
sility parameters, contrary to what one would némlly
expect’:, considering the smooth dependence of the barrier
height with those predicted by the LDM. The half-lives for
a given element decrease with x for the heavier isotopes
of each element, as for example the anomalously short half-
lives of imclides with N > 152 such as 15‘!‘:, zssm and 257m.
This fact has been attributed to a shell closure at N = 152.

The existence of spontanecus isomers (Po _62) has,

been linked to structures in the fission barrier caused by

. the presence of shells that increase the stability of a

deformed nucleus in its ground state, thus lowering the

i
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[J
potential energy and creating a depression in the fission

barrier (Gu 68) (see Fig. 2).

However, analyses of this type, based entirely
upon the single-particle model, cannot be expected to
describe in an adequate fashion the nuclear deformation
energy. Although they yield reasonably good results for
moderate quadrupole deformations, more complex deformations
require the incorporation of the bulk properties of the
nucleus in addition to the single-particle structure, if
one expects to draw quantitative conclusions.

One alternate solution consists of combining a

macroscopic approach, such as the LDM, which describes the
smooth trend of the potential energy, with a microscopic
approach, such as the single-particle model, which reproduces
the local fluctuations. This method was first developed in

1967 by Strutinsky (St 67).

iii) Nacroscopic-microscopic approach

The calculation of the nuclear potential energy of

deformation by means of this approach is usually performed

in five steps. These have been summarized by Strutinsky (st 67)

in the followi.hg way: ¥
i) Specify nucleT: shape.
2) Calculate macroscopic (liguid-drop) energy, E o
3) Generate aingle-particlé field felt by nucleons.
4) Solve Schrodinger equation for single-particle

enexrgies.

»
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FIGURE 2: Potential energy function for deformations
leading to fission. The deformation parameter labels the
path towards fission, as indicated by the shapes at the top
of the figure. The shapes at the first and second minima
correspond to those observed in the ground states and in the
shape isomers in nuclei in the region of urani'ﬁx. After

Bohr and Mottelson (Bo 73). .
»
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of-‘ ' S) Calculate microscopic (shell and pairing) cor- _ —

rections 48P,

The total”potential energy is thén given by the sum
of the enerqgqy of step 2 and the correction of step 5. This

e method is also known as the shell-correction method. The

/ * included in the same manner. The tota]: eneigy becomes:

S E=E *+ [ (68U + éP) (A.7)
Pm ‘

-

where the corrections for neutrons and protons are treated

separately.
Mustapha et al. (Mu 72, Mu 73) have applied this

method to potential energy surface calculations by using the

two-center potential of Mosel and Schmidt (Mo 71). Their ,

results shov that the minimum energy path leads to most

probable fission modes of heavy nuclei in agreement with

those observed experimentally, provided the potential surface
plays the dominant role. For instance, the most probable :;a.ss
ratio for 2360 fission centers around 146/96, whereas the cal-
culations predict a mass distribution peaked at symmetry for

2105, ang 202p, MOller et al. (M3 70b) have been 7.!:10 to
reproduce the two-hu-p{ fission barriers of a number of heavy
nuclei ranging from 2“&1 to 232py, However, the theoretical
barrier haights are found to be too high compared with the Tl

. ' experimental values. -
' An interesting application of the method is the

!
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prediction of fission barriers of super-hsavy nuclei as yet
undiscovered. The calculations of Nilsson ( Ni 69) carried

out with a Woods-Saxon single-particle potential show that
the nuclide with Z = 114 and N = 184 is predicted to have a
fission barrier of about 9 MeV which would make it stable

towards spontaneous fission. Some of the lighter & = 114

isotopes may also have spontaneous fission half-lives long

enough so that they might exist in nature, provided they were

produced in nucleosynthesis. \

Myers and S\u.atecki (My 67) have used a shell cor-

rection to the L.Dn in a somewhat different manner by using
a simple short-range alternating function chosen to be Gaussian.
This idea is the result of the observation that the shell ef-

fects are associated with degeneracies characteristic of the

spherical shapes and should disappear in distortions away

from the sphere.
| Strutinsky (St 67) has calculated tho total shell-

6

correction energies to the nuclear ground—state masses. These
comctions are in good .agreement with the deviations observed”
batween the LDM fit of Myers and sw‘ntecxi (My 66) and ex-

pariuaul MASSes (rxg. 3). . ~ d

b) . Non-adiabatic models

i) Channal tﬁ;o;:fofﬁ.asion
Jahx (Bo 56) sugqist.ed that lw-cno:gy f.i.asion
uybaundnrstoodintcmotﬂnemtqylmlaotthn

/




FIGURE 3: a) Experimental nuclear masses as ;:oupared with
the LDM fit used by Myers and Swiatecki (My 66). ‘' N

b) The total shell-correction energy to the

nuclear ground-state masses as calculated in Strutinsky (St 67)

are compared to the deviations-of experimental masses from an

LDM mass law referring to spherical nuclei.
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transition nucleus defined .in the LDM formalism, and that
observable features such as angular distributions of the
resulting fragments were determined by the characteristics
(spin and parity among others) of the levels through which

the fission act proceeds. This treatment was first put

forward for cases where the excitation energies involved are
comparable to the fission barrier (5 to 6 MeV for actinides).
One of the premises on which the theory rests consists in

the assumption that the transition nucleus is thermodynamical-
ly cold, i.e. that most of the excitation energy of the fis-
sioning nucleus goes into deformation energy during the pas-
sage from the initially excited nucleus to the pighly deformed
configuration at saddle point. Consequently, the spectrum of
excited states at the top of the fission barrier is expected to
be analogous to that of a normal nucleus near its ground state.
Secondly, the descent from saddle to scission is so rapid
compared to the average lifetime of the transition nucleus
that the final characteristics of the fission fragments, though
strongly dependent on several other factors, are nevertheless
influenced by those of the transition states at the saddle
point. At.higﬁer excitation energies, the compound nucleus
states exhibit a very high dens%ty with level spacing of the
order of eV, but their number makes it possible to study their
properties usinq statistica;_aqsumptions. In both cases, the
properties of the fission process can be accounted for by a

limited number of reaction alternatives (channels) even though
’ (

/
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the number of fragment pairs is very large in the binary
fission of a heavy nuc¢leus. In the particular case of
anqular distributibn studies, this treatment has generally

led to a good agreement between experiment and theory to

"the extent that results obtained from fission-fragment

angular distributions have sometimes been used to extract
information about nuclear stxpcture and nuclear reaction
mechanisms. This point has been developed mainly by Halpern

and Strutinsky (Ha 58), Strutinsky (St 6la) and Griffin (Gr 59,
|
Gr 62).

\

ii) Statistical theory of fission

The fundamental assumption on which this theory
is based is that the fission process is considered to be a
slow one, so that instantaneous thermal equilibrium will be
established at any moment of the process. This implies that
a strong coupling exists between the collective and the
internal (single-particle) motions (Sw _65) and that the model
is essentially a combination of the liquid-drop m&del and the

single-particle model at high energy. Fong (Fo 64) has based

an argqument for the validity of the staéigcical model, even
for low-energy fission, on an estimated descent from saddle
to scission point that is about five times longer than the
characteristic nuclear transit time and ten times longer than

the nuclear relaxation time. Wilets (Wi 64), however, points

out that this argument is not valid for the case of the ground

or first few excited states of the transition-state nucleus




where these highly correlated states deviate appreciably
from the gas model on which the argument for statistical
equilibrium is based.

The statigticalzmodel of fission was given serious

consideration first by Fong (Fo 53, Fo 56). This author as-

sumes that the relative probabilities of different scission
configurations (characterized by mass, charge, deformation
and kinetic energy of the nascent fragments) is proportional
to the number of guantum states associated with them and
therefore, the relative probability of occurrence of fission
modes is proportional to the density of quantum states at ‘
the moment just before scission. 1In the original calculations,
the dependence of the level density in the nascent fragments
on excitation energy is exponential, and as a consequence,
the probability for different mass splits is very sensitive
to the mass defects of the deformed fragments, which in turn
are likely to be strongly dependent on the shell structure
of the final fragments. The statistical model is therefore
capable, in principle, of accounting for the tendency of asym-
metric mass splits at low energy, and also for the disappearance
of this mode with increasing energy, since a given shell ef-
fect becomes relatively less important.

The application of this theory to the calculation
of the mass—yield curve from the fission of 23°y by thermal
neutrons resulted in an exceptional agreement with the ex-
perimental results (Fo 56). 1In particular, asymmetric fis-
‘sion was found to be favored over symmetric fission by a



factor of the order of 103. However, a most-probable mass

ratio around 132/104 w#s predicted, instead of 140/96, as
found experimentally, and fine structures in the‘2350+n
mass distribution were also not reproduced. A similar
calculation carried out in the case of thermal fission of
239Pu yielded a four-humped mass distribution. These dis-
crepancies have often been considered a major objection of
a fundamental nature against the statistical theory despite
the existence of other evidence such as reasonably good
agreement between calculated and experimental charge dis-
tribution (Wi 67), kinetic energy and prompt neutron dis-
tribution (Fo 63), ternary fission rate (Fo 71) and alpha-

particle angular distribution (Fo 70). They have been

24

partly attributed to the fact that the shell effect on energy

was calculated by treating the deformed fragments as if un-

deformed (Fo 74a).

] In a recent work, Fong (Fo 74a) has been able to

obtain complete agreement between calculated and experimental

mass-yield curves of 23%Hh by introducing in his calculations

the potential-energy surface calculated by Mustapha et al.

(Mu 73) and the Strutinskj prescription (St 67). The results

indicate that asymmetric fission modes, centexred around the
mass ratio 140/96, are favored energetically.

Numerous attempts have been made to use a statistical

approach to account for one or another feature of fission

properties. Unlike the original Fong treatment, which was
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free of arbitrary parameters, the later applications have

been employing-adjustable parameters at some point. By

using this approach, Newson (Ne 61) was able to reproduce

the mass distributions obtained in 2330, 235U, and 239Pu

with thermal neutrons, 238U and 232

and 226Ra with 11 MeV protons. Erba et al. (Er 63, Er 64)

Th with 2.8 MeV neutrons,

have used a slightly modified theory in that they have
related the probability of fission to the states in the

final nucleus rather than to the states at saddle point.

They also used free parameters. They obtained good agreement
with experimentally determined mass and kinetic energy
distributions obtained from 2350+n. The reasonableness of

the parameters obtained in this case may be some measure of

the validity of the statistical model.

V. FISSION PARAMETERS AND THEIR MEASUREMENTS

a) Chenmical methods

Since the early dafE"b(\fission studies, most of
the yield determinations have been carried out by means of
radiochemical techniques. They consist in the isolation of
varioﬂg elements produced as a resuLt.Lf fission and they call
for ' specific chemical ;pgctions whose purpose is to separate
a given element, or several elements belonging to the same
group, from the bulk of fission prodﬁpts. Such a method
implies that the various isotopes of an element will behave
in an identical fashion as far as the chemistry is oon,éemea

!
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and, as a consequence, chemical yields determinations car-
ried out on a particular nuclide will apply to all of its
isotopes. This technique constitutes a very sensitive
means of selection of fissibn products. Provided their
decay characteristics are known, their identity may be
easily established on the basis of such parameters as half-
lives and emitted gamma-rays. Their measured activities may
be related to the true -disintegration rates and the yields
of production are determined using the classical laws of
radioactive decay (see experimental section).

However, the radiochemical method remains confined
to the study of radioactive species whose half-lives are
long enough so that the relevant chemical separations can be
performed before complete decay has occurred. Several
ingenious procedures have been devised where the time required
for isolating sﬁzrt—lived species with half-lives of the order
of tens of seconds can be reduced to as little as a few seconds.
An extensive review of these methods has been given by Amiel

(A 68b) and more recently by Herrmann (He 69).

The most commonly used technique consists of dis-
solving the fission source and subjecting it to various \
chemical separations after the addition of appreciable quan-
tities of stable isotopes of the elements concerned, compared
to those of the radiocactive elements produced. The operations
involved consist mostly in coprecipitations and solvent ex-

tractions. The chemistry is performed after complete isotopic
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exchange has occurred between the stable carrier atoms and
their radiocactive homologues so that both species participate
to the same extent in any given chemical reaction. Besides
their role as a carrier, the stable isotopes serve in the
determination of chemical yields. This is done with the
help of classical analytical methods such as gravimetry,
calorimetry, flame spectrophotometry, etc.

A second category of separations involves the use
of ion-exchange resins, with or without carrier being added
to the orgginal sample solution. In the latter case, chemical
yields may be determined by use of radioactive tracers. Final-
ly, coprecipitation and ion-exchange may be combined in the
course of the same chemical separafion.

In some instances, catcher foils surrounding the

fission source have been used to collect the r?coiling frag-

‘ments, thus avoiding the necessity of having to dissolve the

original source, an operation which sometimes proves to be

time-consuming. This method has been used by Sugarman et al.

(Su 47) to estimate the mass numbers of 4.5-sec. 89Br and

55.6-sec. 87Br delayed-neutron emitters. Aluminum absorbers

were used to isolate and rapidly measure the activity of these
nuclides. Emanation methods based on the diffusion properties
of long-chain fatty acid salts of heavy metals (Ha ' 49) have
also prdved very useful in the case of scarce isotopes or

vhenever repeated irradiations were necessary. Wahl (Wa 58)

has applied this technique with a great deal of success to
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the measurement of the fractional cumulative yields of

such short-lived nuclides as l.B4-sec. 92Kr, 9.0-sec. glxr,

33-secC. 9°Kr and 3.2-min. 83

235

Br produced in thermal-neutron
irradiation of U:

The two main requirements in radiochemical separa-
tions are high purity and high yield of the final sample,

the former being of prime importance whenever activity

measurements call for a method which does not permit energy

disc;}mination of the emitted radiations, like for example

in beta-activity measurements. The advefit of high-resolution
gamma spectroscopy with the help of Ge(Li) and Si(Li) detec-
tors however has made this requirement less stringent in the
case where suitable gamma-radiations pertaining to the nuclides
under study counld be isolated. The degree of acceptable pﬁ—
rification may be assured by following the decay of selected
gamma-rays and comparing the half-lives found to those reported
in the literature. Analyses of this type have been carried
out by direct activity measurements performed on the fission

source itself, without aﬂy chemical separation. Miller (Mi 70)

has tentatively identified 45 fission products resulting from
the proton fission of natural uranium using a Ge(Li) detector
of 4.6 cnz active area and a 5 =mm deplétion depth coupled to a
1600-channel analyzer. Among those products, one third have
been quantitatively determined by resolution of their decay

curves.
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b) Mass spectrometric methods

They possess two main advantages as compared to
radiochemistry:

i) stable isotope yields can be measured in addition
to radioactive species. This is of particular
importance in fission from moderately and highly
excited nuclei where the contribution of inde-
pendently-formed stable nuclides to their overall
cumulative yields is no longer negligible as
compared to what one observes in fission at thermal
energies.

ii) in addition to a high intrinsic precision, this
technique has the advantage of eliminating the
usual radiochemical problems of decay-curve
resolution, knowledge of the decay schemes and
counting corrections which sometime yield large

errors in cross-section measurements.

Thode and Graham (Th 47) were the first to utilize this method

and they applied it»to the feasurenent of Kr and Xe yields

produced from the thermal-neutron fission of 2350. This study

was extended to 233p and 235y by Fleming et al. (F1 54) and

Wanless and Thode (Wa 55). Since then, Thode, Tomlinson and

co~workers (Fi 59, Th 60, Fa 62) have determined practically

all the major cumilative yields produced in slow-neutron

fission. More recently, McHugh and Michel. (Mc 68) have

measured the relative cumulative yields for the majority ¢r
\ (&) !




Lol -~
- » - " M +
i i}§£¥*?&~ 2id - / e
-« A e Y - - a - T - -
L te DT R CEm. vt ) o . . .u ¥

30

nuclides in the mass range 83-90 and 131-153 produced in
2327y, fission induced by 20-57 MeV alpha particles.

Apart from the area of rare gases, this method has
encountered a great deal of success with elements of low-
ionization potential such as alkali elements. Its sensitivity

is illustrated by the work of McBugh (Mc 66) on isotopic ratio

measurements of 86Rb/87Rb produced in 235

where the yield of 86Rb, which is shielded, is very low

87

U thermal fission

Rb. Friedlander,

compared to the high cumulative yield of
Friedman, Gordon, and Yaffe (Fr 63) made a very detailed study

of the stable or long-lived isotopes of Rb and Cs produced in

the fission of 2380 by 100 MeV to 6.2 GeV protons. A similar

work has been extended to other elements produced in 2380

fission. Rudstam (Ru 65) studied the yields of 11871351 a4

590 and 18 GeV. Brandt (Br 65) has reported cross-sections

74—84pr at the same energies.

and range measurements of

Hagebg (Ha 67) investigated 115-131g,, produced at 159 MeV

and 18.2 GeV. Chu et al. (Ch 71) have measured rare-earth

products from 2380 fission by 28-GeV protons, extending their
previous measurements to a mass region where radiochemical
measurements prove to be difficult.

So far the above mentioned examples have utilized
mass-spectrometry as a mass-selective step to otherwise
conventional radiochemical procedures. The introduction of
on-line aass-spectr;naters directly connected to the beam of
accelerators or reactors has made polsible the dctccﬂion of
fission products of practically any half-lives from milli-

\
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seconds to stability (K1 69). There is a distinct advantage
in using this technique in high-energy nuclear reaction
studies since these result in products that lie very far

both on the neutron-deficient and the neutron-excess side of
the stability valley (Mi 59). Up to nﬂw, only alkali elements
havé been investigated. Following the method of Klapisch

(K1 67), the heated ion source of the mass—spéctrometer is
directly bombarded by a beam of particles. Rapid extraction

of the feaction products occurs through high-temperature dif-

fu§ion. These products recoiling out of the target are stopped

é¥>thin graphite slabs interspersed with thin foils of the
Earget element. Na, K, Rb and Cs are then separated from the
other elements by preferential diffusion through the heated
graphite. This method has enabled Klapisch and co-workers to

measure the isotopic yields of all known Rb and Cs isotopes

produced in 23%y and 2327h at 150 Mev (Am 68a,Ch 71), at
10 GeV (Kl 68) and 24 GeV (Ch 70a). A similar technique has

been recently applied at McGill where Lee et al. (Le 75) have

determined the same isotopic distributions at 80 and 100 MeV.
Ion-source experiments are underway to extend this technique

to elements other than alkali metals.

c) Physical methods

They have enabled the study of dynamic properties
of the fission process due to the fact that, in some cases,

the phenomena observed can be related to the primary fission
s
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fra ts. Physical measurements may be classified into
three principaly,categories as far as fission studies are
concerned: time-of-flight measurements, X-ray experiments,

<

and 8-decay energy measurements.

‘ The time-of-flight technique consists of measuring
the time necessafy for a fragment to travel a known distance.
The information yields directly the velocity of the fragments

and provided their masses are known, oné can deduce their

kinetic energy. This approach has been;hsed by Milton and

Fraser (Mi 62) to determine the kinetic energy of fission

fragments produced in the thermal-neutron fission of 2330,
2334 ana 23%u.

X-ray measurements performed directly on fission
fragments have been made possible by continued improvement
in X-ray detector technology. Their good resolution has
enabléd reliable assignments specific elements of X-ray
transitions arisiné from intezzél conversion a§§ociat$d.with
the de-excitation of the primary fragments. Of the various

methods in this line, X-rays measured in coincidence with

fragment kinetic energies has probably been studied the

most (Gl 65, Wa 70, Re 71). The main disadvantage, however,
is that the technique does not give séee&fic properties of
individual fragments. Yields, for example, are averaged
over several isotopes, b&i these data have nevertheless been
analyzed to extract properties su;h as charge and. mass
distribution.

The number of 8 particles emitted in the decay of

. ! \

\
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a specific mass chain can lead to the determination of the

most probable charge, as shown by Armbruster et al. (Ar 64).

They studied the system 2350+nth‘ The B-decay energy ofs the

indavidual products was determined following their mass

‘r
24

.

separation, and this energy was Fonyerted into chain length
by means of a mass formula. )

A more up-to-date_ technique involving the use of
solid-state detectors consists of measuring in coincidence
the energy lost by a fragment by passage thréugh a thin detec-
tor and its kinetic energy. The response from the first
detector is prOporti%nal to vz/zz, where v and Z are the
belocity and the chafge of the fragment respectively. This
information combined with the knowledge of the kinetic energy

provides a means of identification of the charge and the mass

A
of the fragment. L

In spite of their growing importance as a tool for

the study of fission reaction;, physical methods remain

‘hampered by a poor mass resolution as co ed to radio-

&hemical techniques. ®

Q

VI. LOW AND MEDIUM ENERGY FISSION

a) Mass distribution,

i) Fission at thermal eneréies

- The distribution of the cumulative chain yields of
13
different fission chains versus the mass numbers of those

e il -
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FIGURE 4: Yield-mass curve for fission of

thermal and 14 MeV neutrons.

/

L

235U induced by

After Hyde (Hy 60).
'Y
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chains constitutes the mass distribution of fission préducts.
Low-energy fission (spontaneous fission and fission induced
by thermal neutrons) results in about 200 neutron-rich
nuclides dlstributéd over approximately 40 elements spanning
a mass range 65-160. Among those products, half of them
exhibit half-lives smaller than 100 seconds. These neutron-
richoproducts undergo negative beta-decay along isobaric
chains and, in general, the cumulative yield of the last
member of those chains, which in most cases lies next to the
line of stability, is representative of the total chain yield
of the chain having the same mass number. As stated before,
this information is principally gained by radiochemical or
mass spectrometric procedures, the latter being believed to
be somewhat more accurate. Absoclute yields may be calculated
from the measured cumulative cross-sections by normalizing
their sum to 200%, assuming all the chains of significant
yields have been measured and that fission is predominantly
binary. Figure 4 shows an example of the mass-yield curve

235U by thermal neutrons and l4-MeV ,

obtained by fission of
neutrons. The curves which are symmetric about mass‘llé
indicate that, at thermal energy, asymmetric mass splits are
favored by a factor of v 600 over symmetric mass divisions.
The maxima of the curve lie respect%vely near mass 97 and 139
for the light and heavy wing. At 14 MeV, the increase in
excitation energy results in a decreage of the peak-to-valley
ratio while the ;axima remain approximately statidﬁary. The

rise in the valley is also acc&mpanied by a slight broadening



‘\‘-"“lv

§
FIGURE 5: a) Fission product mass-yield curves for thermal-
neutron induced fission of 233U, 2350 and 239Pu, and spon-

252Cf. Shaded areas indicate approximate

taneous fission of
oo
positions &f nuclear shell edges. Curves are denoted by

the symbol of the fissioning nucleus. After Wahl (Wa 65).

b) Average masses of the light and heavy fission
probuct groups as function of the masses of the fissioning

nucleus. After Flynn (Fl 7.2)
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of the wings.

The effect of target composition on mass-yield
distributions has been investigated by numerous authors. A
recent review of experimental results for spontaneous and
thermal-neutron induced fission of a number of nuclei

228 258

ranging from Th to Fm has been given recently by

Hoffman and Hoffman (Ho 74). The following general trends

may be noted from their tabulation. a) On one hand, the

mean mass of the heavy-fragment group remains nearly constant

at mass 140 1 for Ag; between 230 and 246, although deviations
of 1 or 2 mass units are seen between mass 250 and 256 (Pig. 5b).
On the other hand the mean mass of thé light wing shows a

linear increase wjith Af, with variations again apparent in

the region A, = 250 to 256. One notices that for 258pm, the

most probable split becomes symmetric. b) The symmetric yield
for thermal-neutron induced fission has a minimum around 2350.-

For lighter or heavier nuclei, the symmetric yield goes up
|

(Fig. 5a). c) The full-width at tenth-maximum of the light
and heavy fragment groups have Been found to increase linearly

as a function of increasing Ag from 19 mass units for 228Th

(n., £) to 27 mass units for 2°2Cf (sf) (Vo 67).

The early radiochemical investigations indicated
that the mass-yield curves were smooth. However, the mass-
\
spectrometric work of Thode and co-workers (Th 47) established

the existence of spikes in the double-humped distribution
134Xe about 35 percent higher

leading for example to a yield of

!




than had been expected from the smooth trend in 235U thermal

figsion. This particular feature was later confirmed by

Unik: et al. (Un 74) with the help of coincidence measurements

of fission fragments using gold-surface barrier silicon
detectérs. In both pre- and post-neutron mass digstributions,
the fine structures were found to be especially pronounced

in the case of 22%mh (n_, £), 2°%v (n_, £) and 248, (sf).
In particular, there appears to be a marked tendency for
divisions in which the heavy fragment contains respectively
52, 54 and 56 protons in the case of Pu, Cm, and Cf, comple-
mentary with 42 protons in the light fragment. However, it
is not clear that Z = 42 in the light fragment is a governing
factor in mass division since the same spikes on the heavy
side of the mass distribution appear for Th and U whereas the
non-complementary 2 ; 42 fragments are produced in very low
yields (Un _74).

The fine structures in the final mass distribution
are slightly displaced towards lower masses with rgspect to
the spikes in the initial distribution as a result of post-
fission neutron emission. The fact that they are also more
pronounced has been attributed to variations in neutron-emis-
sion probability with mass ;f the primary fragmeht (Te_62).
Thomas and Vandenbosch (Th 64) have shggested that the fine
structures in the kinetic-energy distribution of the fragment

pairs were responsible for those observed in the mass
distribution as a result of energetically preferred even—even

configurations due to the pairing energy which depresses the

&
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surface energy for odd-mass fragments below that for even-
even. However, no satisfactory explanation consistent with

N

all experimental observations has been proposed as yet.

ii) Fission above thermal energies

The data at higher energies are more scarce. So far,

the most extensive studies involving excitation energies above

10 MeV have dealt with the fission of 2380. Stevenson et al.

238

(St 58) have reported the mass distribution of U fission

products at 10 to 340 MeV. Similar works have also been

performed by Choppin and Meyer (Ch 66) at proton energies

7.1 to 12.0 MeV, Baba et al. (Ba 71) with protons of energies

ranging between 13 and 55 MeV, Pappas and Hagebg (Pa 66) and

more recently Bal&orsen et al. (Ha 74) at 170 MeV. The

results of Stevenson appear on Figure 6. They show a
continuation of the trend already noticed on Figure 4, namely
that with increasing incident energy, the distribution becomes
broader and the two humps eventually disappear to give a
single-humped curve above 200-MeV proton energy. The steep
rise in the probability of symmetric fission with increasing
energy appears to be consistent with the two-mode-fission
hypothesis introduced by Turkevitch and Niday (Tu 51) by

which a second high-energy component centered at symmetry
superimposes itself over the low—encrgy asymmetric distri-
bution. This seems to find further support in the results
of Croall and Cuninghame (Cr 69) on the fission of 232rh by
13 to 53 Mev ptoton7, and those of Rao (Ra 72) on the same
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FIGURE 6: Fission-product distribution of

with protons.

legend = e Stevenson et al. (St 58)

; - Hicks and Gilbert (Hi 55)

A Lindner and Osborne (Li 56)
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target with 14.8 MeV neutrons. These studies reveal the
appearance of a third hump centered in the valley of the mass
distribution and although symmetric fission is no longer negli-
gible, the asymmetric mode remains predominant within their

energy range. At 155 Mev, however, Galin (Ga 67) has shown

by physical method that symmetric fission accounts for n 75%
of all the fission events.
The two-mode-fission hypothesis has been most fruit-

fully applied by Ford (Fo 60), Hicks et al. (Hi 62), Britt

et al. (Br 63), Choppin and Meyer (Ch 66) to explain quan-

titatively the change in the patterns of mass distribution.
However, it appears difficult to invoke this theory in the
case of 226Ra where asymmetric and symmetric fission have
been found to be equally likely at 11 MeV-proton bombarding

energy. Perry and Fairhall (Pe 71) have studied

the primary fission-fragment mass distributions obtained for
deﬁteron-induced fission of radium. They conclude that the
first-chance fission of 228Ac at 24-MeV excitation energy is
sympetric. These two examples seem to be evidence in favor
of a "many-mode” fission proce;s suggested by Unik and

Huizenga (Un 64) whére Aifferences in the structure of fis-

sile nuclei are associated with corresponding differences in
the pattern of mass-yield distribution. M3ller and Nilsson

(8 71) have elaborated on this idea by tieatinq the problem
in of saddle shapes. An explanation gould be that the
fission barrier has t7OAllxill at some asymmetric deformation. ,
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Symmetric fission then occurs between the maxima and asym-

metric fission occurs around the outside of the maxima. The

228

result of symmetric fission of Ac raises the question

whether the barrier shape goes from symmetric to asymmetric’

for a 1-unit change in A. This has not received any

satisfactory explanation as yet.

b) Charge distribution

In a complete description of the fission process,
one must consider the distribution of charge as well as mass
between the fission fragments ;nd how this is related to the
nuclear structure of the fissioning nucleus and of the
primary fragments. If we consider a single mass split, there
are several possiblewcharge divisions and a detailed charac-
terization of this process requires a knowledge of the
independent yield of each isobar of that particular mass
chain, namely the charge dispersion along that chain. Nu-
merous studies have n concerned with measurements of that
nature in order to establish the most/probable charge zp, and
the distribution of 2, as a function of thé mass of the
primary fragments.

Until recently, most of the experimental data on
nuclear charge diwisiJn were obtained by radiochemical
dctarnipations of ipdegcndent yiemhs, even though the

quantities of 1nterest,in fission theories are those of the

~

primary fragments. As mentioned earlier, independent yields

can be determined either if the adjacent isobar is stable, or

A o
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if it possesses a sufficiently long half-life so that its
contribution to the species of interest can be measured.
Also, some information about charge division can be obtained
from cumulative yields for a specieshat lies far enough
from the 1i£e of beta stability so that its cumulative yield

is significantly les# than the total yield for that mass.

‘ 7/
i) Charge dispersion cuxves .

Various methods of constructing the charge
dxspeﬁrlon curves have been proposed. Tbe first attempt is

due to Glendenin et al. (Gl 51) who obtaxned charge dispersion

curves by g%yttlng the independent yields versus the (z-z )
of the products. The Zp values were calculated with the help
of a prescription which will be described in a subsequent
‘paragraph (Equal charge displacement postulate). Among other
things, the calculation of zp requires the knowledge of Zps
charge of the stable mgmber of the isobaric chain under con-
sideration, a quantity which is known to present disconti-
nuities near the shell edges.\ There has been to date no
" theoretical treatment which bas been able to show how the
ZA values of all possible fragments pairs can influence the
saddle configuration of the fissioning nucleus.

/ In order to circumvent this difficulty, Wahl (Wa 58)

proposed an empirical method based on the determination of
2, from a plot of independent yieldd versus Z of the products.
Further work o£ this author (¥a 62 Wa 65) showed that the
charge dispex:si.on curves constructed in this fashion’ could be

Y




represented by a Gaussian distribution. Such distributions

have later been extensively used and found further support.

In this description, the probability of formation of a product

with a given atomic number Z, within a particular mass chain

is P(Z) and assumed to be given by the Gaussian equation:

P(2) = Aexpl-(z-2,)"/c] (A 8)

The constant c reflects the relative width of the Gatssian
function and has bheen found to have about theﬂhame value of
v 0.8 for many decay chains produced in the fission of 2350
by thermal neutrons (Wa 69). The maximum amplitude of the

L3

function is given by A which is related to c:

A = (nc) -1/2 (A.9)

A Gaussian charge distribution may alsoc be repre-
sented in cumulative form which gives unity for the sum of
fractional independent yields in a decay chain. The frac-
tional cumulative yield of a number of a decay chain with
charge Z is given by the equation:

2
(n-2_)
P(n) = (zm ~1/2,241/ 2ex;a[——z—g-—mn (A.10)
o
-3+3 I£(2-2, + l&)] (A.11)

B

where f(X) is a normal probability integral given by:
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£x) = (2172 11X exp(-a?/2)80 (A.12)

0 and ¢ are related through the relationship:
c = 2(0% + 1/12) (A.13)

This type of treatment applles to ideal cases where
several independent yields belonging to the same chain can be
measuréh. Unfortunately, there are very few mass chains
where it has been possible to determine more than two inde-

pendent yields of adjacent isobars. An example of such a chain

93 93Y

is A = 93 where the independent yields of 93Rb, 8r, and

93

as well as the cumulative yield of Kr have been determined

(Wa _65). 1In actual cases, one needs to measure independent
yields distributed over a certain mass range, an extreme case
being isotopic distribution. To correlate this type of data,

Friedlander et al. (Fr 63) observed thatrtheir results could

be better reprcsenéed in terms of N/Z, neutron-to-proton ratio,
rather than a Z-2, plot. There are however two implicit as-
sumptions when ones uses N/zvas a parameter: (i) for any value
of A, the total chain yield must be assumed to be the same in
the mass range under consideration, othervise 1ndgpondcnt
yields have to be corrected, provided the mass-yield curve is
‘defined in this region, (ii) ,the most probable value of N/Z,

N/zp, has the same value for different mass chains. However,

Hogan and Sugarman (Ho 69) have concluded, with the help of
the data of Pappas an\g ug/op_d (Pa_66), that isotopic dispersion

o
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curves may be compared to classical isobaric charge dispersion
curves if one corrected for the slope of the mass yield curve
and the variation of N/Zp with A. The latter correction,
however, can only be performed in certain mass regions where

the variation of N/Zp is known. HMiller has shown (Mi 70)

that if one uses isotopic plots to get charge diapersigﬂfi}
curves, the widths are larger than what one would obscé&e with
true isobaric plots. An alternate solution consists of choosing
a mass range as narrow as possible in order to minimize the
effects of the variation of N/zp on the width of the charge

dispersion.

ii) Postulates of charge division

“‘\Eqsfous empirical prescriptions have been used in
order to correlate experimental data. We will review briefly
those of interest in the field of charge distribution studies.
They do not constitute a theoi& as such but they often hayelbéen
found to be useful as a way of comparing results obtained for
a variety of fissile nuclei subjected to axciiation energies

varying from thermal excitation up to hundreds of MeV.

L]

4

1) ggg;l-cha;ggfd1qplac¢mnnt hypothesis (BCD)

This postulate issumes that thn difference between ™,
the nost probablo charge zp of a qivcn nsso chain and the charge

of tha most stable isobar z, wiil be egual 'for the liqht and
heavy complementary fragments:

o Bgm gy, = (2- %)),
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This was suggested on empirical grounds by Glendenin et al.
(Gl 51) from charge-division data for low-energy fission.
This rule may be reformulated as:
1
Zp =1, [§A(Al) + ZA(Ah7-ZFJ (A.15)

where 2. is the charge of the fissioning nuclide.

This formulation however involves some arbitrariness
as it requireg calculations of ZA' and additional prescriptions
had to be used. As stated earlier, difficulties were en-
countered near the shells, and this fact led to a discontinuous

plot of the valley of stability, as proposed by Pappas et al.

(Pa 55). The postulate accounts for the observed charge divi-

sion at low energy if zp is assumed to cross gradually from

one curve zp = £(A) to the other in the vieinity of shell

‘discontinuities in the zA function. 5

2) Unchanged charge distribution (UCD)

. If one ignores nuclear polarizability and if the
nucleus -{is expected to divide within a time short enough so
that charge rearrangements do not take place before scission,
the ratio of neutrons to protons N/Z should be the same in
ba%h trgqmnn£l of a puif;\;ha identical to that of the fis~-
sioning nucleus (Go_49). The value of Z_ could bs ealculated

P
using the relationship:

Z
g -ﬁ} - aae
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where:

2., = charge of the fissioning nucleus.

F
Ap = mass of the fissioning nucleus.
Vp = total number of neutrons emitted by both
fragments.

Among other consequences, one would expect the most
probable charge division to be one where the difference
between (N/Z)A corresponding to the valley of stability and
N/Z of the primary fragment is larger for the light fragments
than for the heavy, due to increasing values of (N/Z), of the most
stable isobar with increasing mass. This fact would translate
into longer betaiemitter chains for the light fragment than
for the heavy complement, a conclusiom\which is at variance
with the hypothesis on which the ECD is based. The UCD
rule has been found to hold at energies above thermal ex-

citation if one takes into account neutron evaporation before

fission.

3), Minimum potential cnggy {MPE) L4
This pbstulate due to Present (Pr 47) states that

the nuclear charge distributes itself between fragments such
that a minimum is achieved Sotwoo{n the nuclear potential
snergy and tile Coulomb energy. Various formulations have
since been proposed (ro'ss, NS 66), but the calculations are y
all strongly dependent on the nas; equations and shell cor-

rections used. Wing and Fong (Wi 67) and Armbruster (Ar 70)

/ ' /

/ . !
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have carried out charge-division calculations based on

this rule by minimizing the potential ed‘?gy or maximizing
the energy release of the nascent fragments in the vicinity
of the scission point. This led to the prediction of chain
lengths of the light fragments which are shorter than those

of the heavy fragments.

iii) Previous work

Most of the charge dispersion measurements at

thermal energy have been carried out by Wahl and co-workers
235

U fission by

(Wa 62, Wa %5, Wa 69, Fo 74b) who studied
3
thermal neutrons. Their results, along with others obtained

in the thermal-neutron-induced fission of 2330 and 239Pu and

242 242

in the spontaneous fission of Cm and ct ffave been sum-

marized by Umezawa et al. (Um 70). The independent yields

were fitted for each mass chain to a Gaussian distribution.
The first results of this type of analysis showed that the
width of the c ?frgc-dispersicn curves thus obtained with 235y
were constant within experimental uncertainties and equal to
C=0.80 ¢ 0.14 (Wa 69). The near constancy of these widths
has led to the assumption of a universal charge dispersion
curve applicable to all mass chains which, as a consequence,

enabled a deduction of the nostfytbbablc charge for any mass

chain for which a single independent yield has been determined.

A plot of zp values calculated in this fashion shows quali-

tatively that th‘%l;ght products receive & larger fraction of

the available charge thah would be expected Lf the charge-to-'\.

- ¥
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mass ratio of the fissioning nucleus were preserved in the
fragments (UCD). On the other hand, the Equal Charge Dis-
placement postulate sBeems to account qualitatively for the
observed divisions if zp is assumed to cross gradually from
one curve to another at the points where Zp exhibits dis-
continuities resulting from the shell effects. The data

available for 2330 and 239

242 25

Pu thermal-neutron fission and
Cm and 2Cf spontaneous fission show also a general trend
consietent with the ECD Postulate (Um_70). The average
uyalue of Zp (AH) - Zp (UCD) = =~ [ZP(AL)--Zp (UCD)) was found
‘to be -0.44 £f6r mass numbers 92-95 and 141-144 and ~-0.45 for
the other mass numbers for which zp was determined radio-
chemically (Wa 69). However, caution must be exercised if
one wants to calculate independent yields for all the nuclides

2350 by using the "normal”

produced in thermal fission of
distribution of Wahl. The correlation of these “normal”

yields with experimental values shows an enhancement of the
yields of even-Z nuclides and a depression of odd-Z nuclides,
particularly in the mass region below Ay = 134 and above A > 102.

Amiel and Peldstein (Am 74) have found even~ and odd-Z yields

for thermal fission of 2°°U to be well represented by distri-

bution 25% higher and lower, respectively, than Wahl's normal

distribution. They found the neutron-pairing effect, which

was expscted t§ be as high as for protons, to be only % 8%

in the hcavyhpcnk, and not obsarva?lo in the 1iéht mass pcaﬁ:
7 Other results| obtained by physical measurements are,

in general, in good agresment with ths radiocfhemical data.
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)
Reisdorf (Re 68) has determined the mean primary nuclear
235

charges of fragments from thermal-neutron fission of U

by means of K X-rays measurements in coincidence with the
light fragments in the mass range 88-105. The deviation

from the UCD prediction was found to be 0.54 t 0.14 charge
unit, and independent of mass id the range studied. However,
no closed-shell effect on the primary charge was found. This e
may be attributable to the fact that the structures seen in
the radiochemical data are introduéed by anomalies in the
neutron emission rather than by the primary charge division.
The effect of post-fission-neutron emission should also have
repercussions on the width of the charge dispersion curves.
Fragment distributions are expected to have narrower width
than the products, due to the removal of fluctuations in“the
number of neutrons emitted. This fact has been verified by

Reisdorf et al. (Re 71). They found the average charge dis~
235

persion for Ehcrmal fission of U to be narrower, cor- )

rclpoﬂ!ing too C = 0.40 £ 0,05, than that detcminé radio-

chpmically after neutron emission.

¢
Iy

The problem of charge distribution in medium-energy
fission has now been the object of studies mostly with proton
irradiation of various target nuclei. The McGill team has
contributod a great deal to the accunulation of data in the” K
SNergy range 20785 YoV after this type ¢f study was initiated

by the work of Pate, Poster and Yaffe (Pa f58a) on the isotopic”
«*
distribution of iodine produced in 2327n figsion by 8-87 MeV

protons. This was followed by similar studies of 238y £igsi0n
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by Davies and Yaffe (Da 63), Parikh et al. (Pa 67), Khan

et al. (Kh 70, Miller and Yaffe (Mi 70), Umezawa et al.
-

(Um 71), Tracy et al. (Tr 72), DikBi& et al. (Di 74), and
of 232

Sarkar (Sa 75). Charge dispersion studies Th fission

products have been extended to other mass regions by

Benjamin et al. (Be 69), McGee et al. (Mc 71), Tracy et al,
235

(Tr_72), and Holub and Yaffe (Ho 73). Systems lgke U+4p
have been studied by Khan et al. (Kh 70), saha et al. (Sa 71)

3

and Tracy et al. (Tr 72), p+222U by Tomita and Yaffe (To 69) r

237

and Marshall and Yaffe (Ma 73), p+

p+%3%pu by Baha and Yaffe (sa 70). Studies utilizing dif-

Np by McGee et al. (Mc 72),

ferent projectiles have been carried out by McHugh and Michel

(Mc 68) who investigated charge distribution resulting from
the fission of 232Th by 20-57 MeV alpha particles, and
Choppin et al. (Pr 68a, Pr 68b) with 222Th and 238y yrradiated

with 9.5 to 11.5 MeV deuterons. The results oétainod at

A

McGill up to 1969 have been summarized by Yaffe (Ya 69).

The charge-dispersion curves plotted using the
cross-sections against N/Z of the corresponding products,

the following trends:

!

/
1) The position of the peak of the charge-dispersion curves

shifts towards beta-stability with’§ncroasinq incident

ensrgy, Aue to neutron-emission from the fissioning "
"nucleus and the fission fragments as well. One notices

however different behaviours in the light-mass and the '
P b"""ﬂ§§9 ae-

L l
»

heavy-mass region, the variation of 2
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centuated for the heavy products than for the light.

For 2380, Khan et al. (Kh 70) report a variation of Zp

of 0.47 charge unit in the vicinity of A = 96 as compared
to 0.65 charge unit for A = 135 (Di 74). 1In the sym-

metric-mass region, Sarkar (Sa 75) found a variation of

Zp intermediate between these two.
The full width at half maximum (FWHM) of the curves

obtained in the heavy-mass region remain essentially

constant with increasing energy up to 40-45 YeV with
2380 and 232pp (see Fig. 7) whereas there is a regular

increase with targets of lower N/Z values. Above 45 Mev,
full-width at half-maximum (FWHM) increases regardless
of the target. Light-mass products on the other hand

display PWHM which increase very slightly wﬂih energy

. (Ma 73) or 4o not vary (Mc 72) within the 20-85 MeV

3)

s

;ncrgy range. For the same target and bombarding energy,

the charge dispersion appears to be larger for light-mass

products, as for example FWHM = 2.9 Z units for A/P 96

(Ma 73) as compared to 2.5 Z units for A = 130~-134 (To 69)

at 50 MeV for 2330.

Effect of target composition: in the heavy mass region,
the displacement of the most stable charge from atf‘iligy
shows a marked dependence on the neutron-to-proton ratid
of the target, the higher the MN/Z of tﬁ- target, tpa
larger the (2‘-2 ) of tho products for the same bombarding
snergy. lar the\light mass prodacts, the (2 -z o) values

obtained for 235 238y L4 2324, do not -how siqniticant
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. differences. This observation suggests that the variation
introduced by differing targets is absorbed by the heavy
fission fragment. 1In the case of PWHM, it is not clear
whether there is any systematic correlation or not, between
the experimental values obtained at a given bombarding
energy for different targets, except that the data for

2350 are consistently smaller than those of 2330, 2380,

239Pu, 232Th, and 237”?- . ‘

The values of Zp deduced from charge-dispersion
curves have been compared to those calculated using\the
various postulates ‘Bcscribod in the preceeding section. 1In

general, the experimental Z_ cannot be reproduced by either

P
the ECD or the UCD rule, but lie in between those expected

239, , /

on the basis of these postulates. In the case of
very good agreemant with the UCD mechanism was observed for

A = 136. However, it has been pointed out (Sa_70) that,
bocauslo of the an:mptions involved as to how the excitation
energy is shared between the fragments, it is very difficult

to identify the mechanism on the basis of such an agreement.

If one assumes that the heavy fragment receives 1.5 times the /
excitation energy it would normally receive in proportion to
its mass, the cxpo:iqcntal values no longer ‘agru with either
poatulat’ but lie closer to ECD. Wy, Tracy et al.

(Zx 72) have claimed on the basis of their result at 40 MeV.
and 60 Mev on 23% {nat the mechanism of charge division is

not q;kuly aifferent from that oyctaunga thermal enprgies, .

i.0. ECD-Lee ot &1, (Le 73) have also boncluded that their
. ! ’ ! /

J

~
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results at 80 and 0 MeV were. consistent with ECD.

¢} Neutron emission in fission

As we have already seen, the fission of a heavy
nucleus is always accompanied by neutron emission. At
thermal energies and in spontaneous fission, initially there
is a unique excited nucleus which decays predominantly by
fission. The emitted neutrons are those resulting from the
break-up of the excited nucleus (scission neutrons) and those
subsequently evaporated during_thc de-excitation of the
fragments. These.tuo categories of neutrons constitute the

post-fission neutrons. v

One of the most interesting aspects of neutron

~emission is the striking variation of neutron yields as a

function of fragment mass. 5ince the neutrons are emitted
from fully Accelerated fragments, there is a strong angular |
correlation between the two. This makes possible an experi-
ncntal determination of the neutron yield as a tunction of
traqncnt mass. The first evidence for a structutc in the |
dependence of neutron yicld on fragment mass wvas obtain‘d by
Fraser and Milton (Fr 54) for neutron fission of 233y, rTheir
study revealed that the numBbr of neutrons emitted by two |
éo-plcncnta:y fragments are unequal, most of the neutrons
being emitted by the heavier light fragments and by the heavier
heavy traqnn;s and that %b’cn is a considerable variation in
neutron yield through each p/nk of the mass dut/ribution.
The total neutron yield shows also, but to & much lesser

/ /

/ ’
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extent, a depenéence on mass ratio.

The dependence of neutron yield on mass ratio
i&yaglso be determined by a comparison of initial (pPrimary
fragmeﬁgg{\jpd final (products) mass yields. This type of

2330’ 235

study has been carried out by Terrell (Te 65) for u,

239Pu, and 252ct (see FPiJure 8a). The similarity of the

neutron yields for a given fragment originating from these

' different systems hag led Terrell to the conclusion that the

neutron yields are closely related to the deformabilities of
the nascent fragments. The low yields at Z = 60 and N = 5¢
may be explained by the fact that closed-shell nuclei are
resistant to deformation and hence the fiagments will evaporate

4
less neutrons as a consequence of deformation energy being

converted into cxcitatién energy.

fThc‘strong\saw-toothod variatfon of neutron yield
versus fragment nass.vahtsho- rapidly with increasing ex-
citation energy as shown by Burnett ;t alt (Bu 71) for 8.5
and 13-MeV proton-induced fission of 233y and Bishop et al.
(BL_70) for 11.5 and 22-MeV proton-fission of 238y, The

laéqcsi\chanqc occurs near mass 130, th. trend boing to wash
out the . dip in the nautxon-v'rsus-traq.cn{-nss cgfvn with
increasing excitation energy (Fig. 8b). If fragment shells
are responsibile for the low neutron yields around mass 130

at lov excitation energy, then this trend is consggtcdé with
other observations that shell effects tend to disappear with
increasing excitation energy, thds csusing the number of :
neutrons emitted by a fragment to follow the linsax increase




TIGURZ Ba: Meutron yields as a function of fragment thf
for four types 35 fission as dstermined from mass~-yield data,
The appéaximptolinitial fragment masses corresponding to
various magic numbers sre shown. After Terrell (Te 62).

s -

PIGURE 8b: Dopandonao of neutron yield on fragment mass for
proton-inducod tillion of 2’3U and ’.'U. The incident proton

snergy is indicated for sach ourve, After Bishop et sl, (B4 70),
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with mass predicted by the liquid~drop calculations of Nix
and Swiatecki (Ni 65). It 4is also interesting to note that,

essentially, the increase in excitation energy manifests
itself in the,heavy fragment, this being probably due to
the fact that it receives a more equal share of the dotoz;
mation snergy at scission configuration

) When fission is induced by a projectile whose

interaction with the target nucleus gives rise to excitation

snergies bsyond the btndl%q cno:gy\ot last neutron, de-~
excitation may occur by means of noutr;Z.anil-ion prior to
the fission act (pre~fission neutrons). Let us consider at
this point cases vhere the incident particle is captured and
&hcroioxqitction cno:gioqag:p sufficiently low so that protqb,
emission may be anf.ctad as & result of the Coulomb barrier.
The decay of the compound nucleus xl'(A,Z) nai be schematized

as followss .
T, | I, (2) M - ,,p) ]
r,m 1 Fy(2) 1 Fg(d)

1st chance 2nd ochance 3zd chance
fission fission ) fission

, / |
/ In this de-excitation ahain} the initial nucleus oan

sithier £ission or emit a naut:an to give x,‘lb-l,z’. Depending
on its exsitation snergy, x, can again uutgo a sinilar
provess. At uahuup of the mu fission will eompete with i

m«ém .muum mu the m W onargy uu.

.8 %r‘

T ‘ ’v.‘ .’ ":*‘#
“t -




\
\
|

below the binding energy of the last neutron, at whieh poi\m:
fission or y-ray emission becoms the c';J:y alternate msans of
de~sxcitation. The relative probabilities of f£ission and

neutron emission are given respectively by T, and I, fission

and :;outron widths. Huizenga and Vandenbosch (Hu 62) have

derived and inalyticul expression for the value of the fis-~

. sion branching ratio ¢ - l‘n/l'f based on 1hp Jermi-gas model

of the nucleus: . .

G - ' { L Y

Y a2/3,

2:: g (l-l)
82 ﬂ__..ﬂ,_ expiza, /25 )‘/’ -2a,22 (g-g,) /%) ¢
h . [2. ‘z"‘z, P ’

4

. ' ¥ (2.17)
’ X

A is the mass o; the nucleus

£ th nuclearx ruiﬁu-f paramster

&, and-a, the level-density paramsters at equilibrium
deformation and at the saddle point

E, and £, the neutron binding energy and the tig-
sion threshold

a thc aass of the neutron
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o of the variation of T /Ts with excitation energy is directly
related to the difference betwsen E, and E, and the relative
values of a, and a,. The excitation energy dependence of

- r'n/r, becomes very difficult to investigate when the fission
threshold and the neutron binding snergy are apﬁx’:oximuly
the same, like in heavy nuclei. Although a strong excitation
energy dependences of rn/rz for the less fissionable elements
has been observed, and there is evidence for the heavier
’ nuclei that there are smaller variatiosns at low energies which
correlate with the d'iuoroncc (:t-ln) , the excitation energy
dependence of rn/r, for the heavier eleMnts at higher energies
N is rather unclear. A number of results indicate that I /T, for
_ the heavier slements does not vary such with excitation energy.
r The :o‘utivc p:obabiuﬁuf of fission and neutron
emission can also be determined by radiochemical measursments.
The method consists of messuring radiochemically the reaction
4 yield of the nuclides near the target nucleus, thereby
determining the ocross ;utun for the reaction which 444 not
involve fission throughout all stages of the de-excitation
process. Studies of this kind have been made by Lindner and
Turkevitoh (L1 60) for 340-MeV protons on 232rn ana 33y,

by Lefort, Simonoff, apd Tarrago (Le 61) for $2-HeV and 150-Hev

protons on 232zn, by pate and Pogkanser (s 61a) for 680-MeV
and 1,8-0eV protons on 233pn, 338y, ang 238y,

_hen fission is mucod in huvy Q:ut by high
myf (P 300 p\n’bouu, m:mttcn uku plm in two
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stages. '&n the first stage, the incident particle inter-
acts with a single nucleon in the struck nucleus, due to
the fact that the associated wave length is of\the order of
the inter nucleonic distance (S8e 47). The partners of this

collision may make more collisions with othexr nuéloonl and

a nucleonic cascade is developed, whose exact nature depends

on the probability and the kinematics of each collision. At

incident energies above the pion production '‘threshold, in-
elasffic collisions must also be considered and will have an
appreciable effect on the propfqntion of the cascade. Th;;o

is a fairly high probability that many of the cascade nucleons
and pions will escape from the nuclcuaﬁ The generation of such
a cagscade may be computed b‘ the Monte-Caxlo method in a
rather straightforward manndr since the 1se approximation
allows one to use elementary particle scattering data as input
information. EZach nucleon-nucleon collision is characterized
by its own probability distribution for occur:‘m’, enexrgy,

and angular distribution of the collislon partners, and cross
section for pion production. A random ahoic’ is made at

every point in the calculation whers a decision must be mads,
as for example the position of the first collision partner

and the choice of s neutrfon or a proton as s collision partner.
If each random choice is weighted according to its probability
;l ocourrence, and if a large nuaber “ events are calculated,
the net result should bo ahancmutu g; the overall process.
I8 partioculax, such a method aliows fot the caloulation of the

average mﬁuﬁu\\uouy of uu M nuclei. Calou}jations
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of this type have been performed for the system 23 804'9 with
the aid of the code of Metropolis et al. (Me 58) and more

recently the STEPNO code of Chen et al. (Ch 68).

The omiui‘on of neutrons in the fast intranuclear
cascade is not believed to be related to the subseguent fis-
sion process and the de-excitation of the cascade nucleus
proceeds as described at the beginning of this section.

In addition to the experimental methods unt/ionod
previously, tt;oro is another type of experimental measurement
from which one can deduce information about T /r . It
consists in the dotmimtion of the relative numbers of
pukiuion and postfission mutrona from the angular correlation
of the neutrons with respect to the fragment dincti.on. The
prefission neutrons are essentially isotropic with respect to
the fragment direction, while-the postfission neutrons are
strongly ocorrelated with the fragment direction. This technique
has been applied to proton-induced fission of 238y at 155 mev
by Cheifetz et al. '(Ch 70b). They concluded that the nearly
oqual fraction of prefission and postfission neutrons is in~
consistent with the assumption that rn/rt is independent of
excitation energy but is gualitatively consistent with the

energy dspendence given by 2q. (A.17). I
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in the fission of 2”0 by protons of 20~85 MeV to the heavy
side of the mass distribution (rare-earth region of fission

products) .

Previous studies on 238y iuvo been carried out in
this laboxatory by Khan et al, (KIL, 70) , Sarkar (8a 75),
Miller and Yaffe (Mi 7)), DixEié et al. (Di 74) and Parikh
et al. (Pa 67), involving respectively fission products in
the following mass regionss A = 90~-93, 111~-117, 122~131,
130~-135 and 139~143. With the exception of the work of

Umezava (Um 71) ip the energy range 13-5S MeV, there has been
very 1little experimental data in the mass region beyond
A = 143, this situation being partly due to the fact that the
complete radiochemical separation of Lndivuw rare~-earth~
fission products calls for delicate And lonqthy aﬁaratiou
often incompatible with the short tuu-uvu sncountered
in this mass region. The advent of high-resolution Ge(Li)
&uctou has now made possiblie the use of simplified chcniul
proudurol where rare-sarths can be ssparated as a group and
information on separate nuclides can be extracted on the
basis of their decsy properties. This method has beep utilized
in the present_dissertation ‘)’ study fission products ocovering
the mass region 146-157.

e have detsrmined tho independent formation 0ross~
sectiens of 146" MO” 149,. 150” 181, lna ¢he M-

1ative foxmation cross-sestions of “‘u; “‘r ’ “’ﬂ “’ﬂ
14,9,.' lglul zu,.' }u’_:“, Lll!.' :lu“'~ %7 s, The | /




independent cross uction- were used to construct charge-
dispersion curves while tho cunul ve cross sections have
been useful in providing a better definition of the heavy wing
of the mass distribution in the 20-85 MeV range.

One of the main purposes of this study was to verify
if the narrow widths of the charge distribution curves
previously roportodpby Parikh (Pa 67) for A = 139~143 are

typical of very asymmetric fission events, a fact which might not

be consistent with incnu(cd neutron ovapouuon in tho heavier
wing. It was also of interest'to see if the behaviour of the
most probable charge followed similar trends as those observed

in lighter heavy products. / .
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e 1. PREPARATION OF TARGETS N

The target material used consisted of uranium foils
of natural composition (99.28% 22%y). The thickvésses used
varied depending on the type of experiment performed. For
irradiations, where long~-lived nucudcs. (1.e., with half~-lives
greater than one hour) were studied, a thickness of 134 mg/cm 2
vas used., Whenever shorter half-lives were invc/btiqaud, a

smaller thickness of 54 mg/cm 2 was utilized, the reason for
that being two-fold. Firstly, the chemical separations needed
“to be performed in a minimum amount of time and the use of a
thinner target reduces significantly the time noaumy for
- _ " its dissolution. uccndlf the counting rates resulting from
 the whole group of rare earths are usually quite high, special-
ly vhen short~lived nuclides are still present. A smaller
: superficisl density will result in a lower activity level which
is preferable in view of the possible dsad-time losses duﬂ.;
activity measurements.
Prior to L:udutton the uranium foils were cluud
in dilute MNO, in om: to remove the oxide layer and seqguen~
- tially rinsed with uutuoa vater, ethanol, and acetone. 7The
oils were dried undo: vacuum at room temperature in order to
prevent further oxuhtion Thicknesses were detsrmined by
veighing a known ares prior to the prepaistion of the targets.
A 011 of satural coppes u'fpm $50u) of 99.998 pirity vas
‘ muomxum:gﬁpmmunu#um
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. :
L]
o reaction 65Cu (P.pn)“Cu. A superficial density of 44 mg/cm

was used throughout the series of irradiation.

2

The target uun?ly consisted of a stack of uv.\’ ;
. foils; \"

' ~ the uranium target sandwiched between two similar
foils whose role is to compensate for recoil
losses inside the master target.

;- oino copper monitor target. The recoil losses
in the monitor foil wers considersd to be -
nagligible so that there was no necessity of
undwic/:hinq it between two foils of the same
4 y material,
-~ an aluminum foil separpting the copper and uraniums
' targets in order to prevent the former from

contamination by fission products.

The 5~foil n/ua-bly was carefully trimmed wj.th/

soissors of three sides in order to insure egual exposure to
mﬂounbouinméom:aﬂurmumgm. The stack
vis clamped in a target holder of the model shown in Pigure 9
/ and wrapped with a 10 mg/ om® thick aluminum foil which
acted as an nb;ar‘b—;t of fission products to avoid contamination
¢£ the syclotron chambef. The target assembly vas :hon at~
- rmummog ma:-mMpndnotthomutm
. (Fig. 93, A , ’
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II. IRRADIATIONS \

., The target bombardments were carried out at the
NeGill synchrocyclotron * the Foster Radiation Laboratory
at energies ranging from 20 to 35 NeV. The irradiations w‘ri

4
performed using the internal beam at energy intervals of 5 NeV

or 10 MeV, depending on the nature of the fission products ;
being investigated. The incident energy waa determined by
setting the leading edge of the target assembly at a proper

. radius with the help of the energy-versus=-radius calibration
data provided by the Foster Radiation Laboratory team (Ro 64).
The foil atack was placed in such a wly that the copper=monitor
foil was the first to intercept the proton beam in order to de
bombarded exactly at the nopinal energy [the excitation
functions of (p,pn) nactio’;o are more sensitive to small
shergy changes than thrt of fission products). The beam-
energy degradation inside the target assembly was calculated
using the table of Williamson and Boujot (Wi 62). At 20 NeV,
where the dcqndnic\m is at a maximum, it was eué\\htod to

be o.?\o NeV in the copper foil, o.zo’;mv in m.\ aluninum
catcher and 0.53 MeV and 1.40 NeV in each of the uraniun foils
used, cérnnpondinq to an overall degradation of 1.65 MeV and
2.30 NeV at the level of the master target. These vclugc'an
well within the uncertainties in the nominal MM -enexgy
Tesulting from uncertainties in radius estimation. ‘k value

of : 2 hé was adopted all throughout the bombarding energy
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range.

The duration of irradiations was dependent on the

k&ul!-livna and the fission yields investigated, They lasted

g 1485, 150

for example 30 minutes in the case o ' Pm deter-

minations and 5 minutes when 14%Ce was the product of intereat.

N f

I1I. CHRENICAL PROCEDURES

”»

a) Separation of rare earths
i) General
The most elegant technique for the separation of

rare earths from a mixture of fission produgts is the isolation
of the lanthanides as a group by solvent extraction, !ollowpd\
by an individual separation by ion exchange. 'Amoﬂg the se-
lective extractants capable of separating tripositive rare-
earth ions from other slements, the monoacidic organo-phos-
phorus compounds, among which bis (2-ethylhexyl)phosphoric
acid (HDEHP), have received the most attention (Ko €9). During
the cﬁtrcction process, one hydrogen in the weakly acidic
extractant is replaced by a metal ion and the reaction is
mainly ionic. As a conaoqucdbc. this process is efficient
only if performed in a weakly acidic medium.and requires rather
stringent pH conditions (0.0lN HCl or HNO,)- In the present work,
the dissolution of the uranium targets neceasitates the use of -~
»Strong acida and conseguently the strongly acidic solution of
fission pto&ncto does not léend itself to treatment by HDEHP
unless one is prepared to include a time~consuming pH adjustment

/
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step. Secondly, RDENP haa proved sffiocient only in cases of
carrisr-free separations, a fact which rules out the use of
A carrier for chemical yields determination and obtaining a

. final s0lid sample.

-

The chemical procedure adopted here ias based es-
sentially on the method of Nume and Nartens (Ku 31). The
rare~sarth group i; isolated by fluoride precipitation in the
presence of uroon‘i.um. strontium and barium hold-back car-
riers, and purified by several cycles of hydroxnide |>n¢:1-l
pitations. This method vhich has shown 1M! to be selective
snough when activity measurements are carried out by y=activity
neasurement is however not recommended for the estimation of
rare=sarth activities by S=-counting. As stated previously,
the use of high resolution y-spactrometry has made possible
%the choice of such a simplified procedure without encountering .
major problema of contamination by foreign elements. The
time necessary to run a asparation is only n 40 minutes, which
allows, in particular, the detection of 24.2-m 146pr ana
2.2=n l”81!&. the shortest half-lives uwnuq_attd in this

\
. sexies of experiments. Yttrium, which exhibits . similar

chemical behaviour, is also co-precipitated. However, yttrium
hotopq‘ produced in mediun-snergy fission of ’“U are mostly
8" emitters and the prominent y-rays, i.e. the 202=keV and
482-keV v+line of "™y, s51-keV y-line of 43.7-a Y% ana

| 267-keV y-1ine of 10.2-h 3% do not interfere with the selected

\

. Y=2ays emitted by the rare=-earth group. Furthermore, the

1
|

N
S




difference in half-lives precludes the possibility of a

wrong aaaiqnﬁont. Therefore, no separation of yttrium

from the lanthanides waa‘agyonptod. in view of the fact that
this additional atep would have involved repeated precipi-
tations or the inclusion of a time-consuning cation=exchange

separation,

L4 ~-

ii) Procedure
Noodyn&un'wal‘chdiun as the carrier common to all

the rare-sarthas investigated in this work (Pr to Eu) on the

basis of the fact that the solubility products of the fluorides

and hydroxides of adjacent elements do not differ greatly,

as reported by Stevenson and Nervik (8t 61b).

To the target solution in 1ON HNO, , lnm of
15 mg Nd303/m1 of standardiszed carrier solution was added.
The mixture was poilod for 1 minute and adjusted to a volume
of 10 ml by tuttﬁ?r addition of lON RNO,t The solution was

- then transferred to a 150-mnl separatory funnel containing

50 ml of hoxoncwﬂrovioully egquilibrated with 1ON HNO, to

extract the bulk of uranium prior to the first precipitation.
The agueous solution was shaken for 135 seconds, then was
emanaforfcd to a 40-m) ocntgi!?qu tube ?ontnlninq 1 ml each

of 10 rg/ml of Ba(NOy)g, 8r(NOy), 40,0, and  BX(NO,),.2H 0
solution acting as hold-back carriers. lr,(!os)‘ was
precipitated by addition of S drops of concentrated n,po‘ to
remove szirconium activities which otherwise would he extensively

precipitated during the subsequent fluoride precipitation
. &

. K )




step. The solution was centrifuged, the aupernate ‘ S
transferred to a ncond' teat tube, and n_so‘ and 3280, vere
precipitated with 3 drops of concentrated H,80,. After
centrifugation, the phosphate and sulphate ocwonqi.nqa\won
repeated. The nlting col:ution was then transferred to

a 40=ml Teflon tube u\d treated ;'1/th 3 nl of concentrated
HF. The fluoride suspension was stirred for 30 seconds,

fo

centrifuged for 2 minutes and the aupormn‘;\t discarxded.

NaFy was rinsed with 10 ml of 0.1N RF solution, then dias-
solved with 1 ml of HyBO, and 1 ml of JON RNO,y, ana adjusted

to 10 ml with distilled water. Nd(OH), was subsequently
precipitated with 2 ml of concentrated NH‘OR solution,
centrifuged and then dissolved in 3 ml of 10N HNO,. The
hydroxide precipitation was repeated twice and the final
precipitate dissolved in 1 ml of 6N HCl. The solution was
diluted to 10 ml with distilled water, 15 ml of saturated
nacao‘ were added and the solution was heated in a water

bath for 5 minutes to help coagulate the t«lz(c:ao‘)3 precipitate
which forms. The precipitate was tranaferred on to a Noida
Whatman filter, sequentially rinsed with distilled water,
ethanol, and ether and calocinated at 800° C for 15 minutes.
Nclao3 was “cooled and‘ powdered with a glass rod and the powdered
Naos was then transferred with ethanol on\to a' weighed glaas
fiber filter circle 2.4 on in diameter fitted on a ground-oft
Rirsch funnel set-up. The wall of the chimney was ’rinud‘
| with ethanol and ether. MN3,0, Was dried at 110°C for

10 minutes, cooled, weighed, mounted on a urdboa‘:d sanple

!
i

\ |
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IGURE 10:

+ Flowehare,

Radiochemical qm-uwuon of rare-sarths.
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holder and covered with /My).u for gamma ray measurements.

The measured chemical yields were of the order of 50-70M.

iii) Rapid group separation
The atudy of l2.4=-n lnml required a more rapid

chemical separation than the one outlined in the preceding
‘paragraph. In particular, it appeared that if liguid samples
Gould be prepared, the sample preparation time could be
reduced considerably. The procedure adopt/od in this case
‘was similar to the general group upantion with, however, a
single sirconium and barium=-strontium acavenging cycle as
well as a single NdA(ON) 3 precipitation. The hydroxide
precipitate was dissolved with 10 ml of 6N NCl and rapidly
transferred to a 20 ml qlflll bottle which was immediately
sealed and used as the final umplo for activity measurements,
This method is also described in Figure 10. This rapid
procedure thus snabled the first activity measurements to be
taken » 20 minutes after the end of irradiation, this time
interval including the transfer from the cyclotron to the
location ©f measurement. The bottles were positioned and
held in place with a plastic holder which centered the
bottles with respect to the detector,

In this series of measurements, the activities ot
18234 werq Masured against those of 149 which played the
role of an internal monitor. |
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ivt" Validity check of ncodggigg used as a gommon carriex

The separation described in section a.ii) assumes

that the chemical yield of neodymium determined by gravimetry
is applicable to all the rare-earths involved. HNowever, the
slightly higher water solubility of Pr(ON), (2.7 x 10°20) 4
compared to that of NA(OK), (1.9 x 20721), sm(on), (6.8 x 20723)
and !u(OH), (3.4 x 10'22)[un1t| are gram molecules per 106
litera) might be responsible for small differences in yields.
Also, no quantitative data exist on the solubility of rare-
sarth fluorides and, in the case of promethium, no measurements
have been carried out on macro quantities for both compounds.
Tracer experiments have been carried oLt using the
following nuclides prepared by proton bomﬁardmont of natural
Nd,04t 2.68=h 3%n by (p,n) reaction of 13%a (s.6v), 2.46-n

1"!: by (p,2p2n) reaction

1‘lNd by (p,pn) reaction and .2,04=h
on\“and,(37.1\). The bombardment was carried out at 30 NeV
where thése nuclides are produced in comparable amounts,

Four aliquots of the tracer solution wers subjected
to & conplete qroup-ncpa:adioa. The final Ndzo’ was then '
transferred to a 20 ml bottle, dissolved in 10 ml of RNO, and
activity measurenments were performed on the ligquid samples.
Two aliquots of the tracer solution were used as reference
samples and their activity measured under the same geometric
conditions. The dpcay of the three nuclides was followed and
thelir respective aetié;tica at the end of dombardment was

deternined by atandard procedures. The activity ratios show

/
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that:

= the ratio of 1“in/“"ﬂd activities is o;ucl.
within statistical uncertaintiea, in both the
ro!or7noo and the processed samples,

= the ratio of l"!g/“‘ﬂd activities is » 3% lower
in the procesaed samples than in the unprocessed,
This corresponds to a depletion in praseocdymium
which might be due to differences in hydroxide

T and/or fluoride solubilities, and/or the fact

that !:’* ions have a larxger ionic radius as
compared to that,o! heavier rare=-earths because
of the contraction of the size of the agueous
ions witk’incroaainq nuclear charge. In sub-
sequent chemical yield calculations, this cor-
rection was applied to Pr yields, while those
of Pm to Bu were taken equal to that of neocdymium.

In the case of the fast group separation, which
involves less precipitation=-dissolution cycles, no aignificant
difference was observed between yields, '

b) Separation of cerium / (\
i) pzocedure

A :a:&ﬁ separation method, esasntially based on

the pgoeodu:‘ ot elcaagg§5 et al. (Gl 33) was used in order
to isolate in a short time 14.2-m 14Sce from the bulx of

Al



tilsior products and the other rare earths. The procedure
makes use of the fact that cerium, unlike the other tervalent
rare earths, is easily oxidized inte c‘*‘ and thlt‘C‘*‘ mnay
be selectively extracted from strong nitric acid media by
methyl isobutyl ketone, The chemical separations were

performed at the Foster Radiation Laboratory, immediately

"following the irgadiuhlon:. The uranium targets were dis-

solved in a minimum amount of prehsated 1ON uuo,. prefexradbly
to HCl in order to aveid the preaence of chloride ions which
right hamper the subsequent oxidation of cerxium. The solution
was carefully boiled to dryness after addition of 1 ml of
standardized cerium carrier solution (30 mg c-(noa)’.saao/nl)
in order to promote exchange between the carrier and radio-
active cerium. The solid rejidue was dissolved with 1 ml ol
prasecdymium hold-back cn;;iar solution (20 mg Pr,04/ml) and
adjusted to a volume of 10 ml by addition of 10N RNOS. The
solution waa transferred to a 130-ml separatory funnel
containing 30 ml of methyl iscbutyl ketone previously equili-
brated with 1ON RNO, and shaken for }S :;conda. This step,
prior to cerium oxidation, has been included in oxder to

free the solution from uranium which otherwise might follow
cerium and contaninate the final cerium sample with weighable
amounts. The agueous solution was transfarred to a second
separatory funnel containing 2 ml of zq NaBro, solution

acting as the oxidizing agent. This waas followed by the ad-
dition of $o ml of methyl iscbutyl ketone pretreated with (1*v//)

[
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10N HNO, and the mixture was shaken foxr 30 seconda.’ The
time at the middle of this step was recorded and taken as
that of separation of cendium from the other fission products.
The agqueous phase was discarded and the organic phase was
washed twice with 10 ml of 9N HNOS containing a few drops
of sodium bromate sclution. Cerium waa then back=extracted
in the form ot Cc+3 by shaking the methyl isobutyl ketone
with 5 ml of water containing 2 drops of 30\‘!!.302 solution
which reduces Cc*‘ into c.*’ and the aguecus solution was
tranaferred to a 50=-ml centrifugs tube. \
The procedure of Glendenin calls finally for a pre-
cipitation of cerium oxalate which may be used as the chemical
form in which the final sample ias mounted for acéivity
measurements. However, thif step is quite time consuming as
it requires warming of the solution and a 5 minutes digestion
of the precipitate. It was found more convenient to include
48 A final step of reoxidation of CQ*3 into ce* followed by
a precipitation of cerium as cerium iodate, after the method
of Boldridge and Rume (Bo 5l1). Apart from being faster than
the oxalate precipitation, this step introduces an additional

oxidation cycle which improves decontamination from the other
rars earths. The solution of c-*’. after the azoa reduction,
was treated with 2 ml of 2N NaBrO, solution in the presence
of 20 mg of Pr,0, hold-back carrier and 20 ml of 0.38N N10,
were added. The °‘(1°3’4 precipitate forms instantly. The
solution was centrifuged and the supernate discarded. The
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precipitate was washed with 2 ml of EtOH and filtered with
suction on a No:42 Whatman ashless filter paper attached to
a qroﬁnd-of! Hirsch funnel. The cerium iodate was finally
rinsed twice with 5 ml of ether and mounted immediately on
a cardboard sample holder covered with 1.7% mq/cm2 Mylar.
In this procedure, the tirme elapsed hetween the end of ir-
radiation and the final ceric iodate precipitation was 5-6
minutes typically.

Chemical yield determinations were carried out by
A gravimetric method after the activity measurements ware
completed. The Mylar cover was carefully removed from the
sample and rinsed with EtOH, the rinsings being recovered in
a4 previously weighed porcelain crucible. EtOH was evaporated
under an infra-red heat lamp and the sample was transferred
to the crucible. C-(IO3)‘ was ignited for 1 hour at 800°C
and cerium was weighed as CcO2 using a precision_balance. The

chemical yield ranged between 608 and 80%.

ii). Praseodymiux—-cerium decontamination

In this work, the inclusion of a separate chemical
separation for ccriuq was undertaken in order to determine
the cumulative cross-section of 1‘630 whose knowledge, combined
with that of the cumulative cross section of 1“?: deternined
from the group separation described in the preceding paragraph,
will lead to an estimation of the independent cross section
of 1“?:. The chemistry used here was originally devised for
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i
t&c separation of 284.4—dcysﬂ Ce from fission products

after short-lived activities, such as those of praseodymium

isotopes in particular, had decayed. In this work, 24.2-m

1“Pr is present at each step of the separation, esither as

a directly formed fission product or as the decay product

of 1‘600. In order to avoid additional uncertainties on

1‘6Pr independent cross-sections resulting from the use of

1‘6Cc activities were determined

146

two different decay schemes,
via th; activity of the decay product Pr. It was therefore
necessary to determine to what extent praseodymium woulad
follow cerium at those gteps in the chemistry where cerium is
separated from the other rare earths.

Tracer experiments have been carried out with

134 139

137.5-day Ce and ¢.4l-hour Pr produced respectively

l‘OCc. by 20 MNeV-proton ir-

by (p.pn) and (p,2n) reaction on
radiation of natural c-oz. In this case, the target material
acts also as cerium carrier in the subsequent chemical proce-
dures. A solution of 20 mg/ml of Pr203 was used as praseody-
mium hold-back carrier and the effect on the Pr-Ce con-
tanination factor of the relative amounts of Pr,0, and CeO,
present in the initial sample was investigated for those steps

involving cerium oxidation. We found that:

- ; measurable amounts of Pr activities follow Ce
during the methyl iscbutyl ketone extraction,
even without adding Pr hold;back carrier.

- when the C0(103)"pr0cipitation is performed
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in the absence of Pr203.35\ of Pr activity fol-
lows the iodate precipitate. The decontamination
factor can be sliqﬁtly improved when Pr203 is ad-
ded before the final precipitation. We found
that the contamination drops down to 15% when the
ratio Pr/Ce = 2, Further addition of Pr203 does
not improve decontamination significantly. One
has to note: however, that in spite of this poor
decontanination factor, the correction to be ap-

plied to the measured 146

Pr activities amounts

to 2% at the most, due to the short time interval
(1-2 minutes) which separates the solvent extraction
from the iodate precipitation. The time of solvent
extraction and iodate precipitation was recorded

146

in order to estimate the amount of Pr which

accurmulates during this time interval and subtract

146

it from that resulting from Ce decay after the

final precipitation.

c) Copper chemistry
The radiochemical processing of Cu monitor foils,
derived from the procedure of Kraus and Moore (Kr 53). The

copper foil was weighed on an analytical balance prior to
chemical treatment and dissolved in 2 ml of concentrated HCl
and a few drops of u,0, which promotes the oxidation of cop-

per into Cuz*. The target material itself acts as the carrier.
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After complete dissolution, the copper chloride solution

was evaporated to dryness and redissolved with 2 ml of

4.5N HCl. ' The new solution was transferred to the top of

a Dowex-1X8 anion-exchange resin column (mesh size 100-200)
about 20 cm long and 1 cm in diameter, the resin having

been pre-equilibrated with 4,5N HCl. The column was washed
continuously with 4,5N HCl to free it from . cobalt and
iron till the yellow copper band is ready for elution. Coppet
is then eluted with 1.5N HCl and the middle fraction of this
eluate is retained. The golution is diluted to a volume of
about S ml by addition of distilled water and Cu2+ was reduced

to 6;1* with NaHSO. and precipitated as CuSCN by adding drop-

3
wise a 10% NH‘SCN solution from dilute HC1l solution until no
more thiocyanate formed. The precipitate was digested for
20 minutes over a %90°C water b;th, centrifuged, washed with
308 ethanol and acetone, and transferred with a minimum amount
of isopropyl ether to a previously tared glass bottle. The
ether was evaporated under an infra-red lamp and CuSCN was
dried at 110’C\ for about 30 minutes and weighed.

The precipitate was finally dissolved in 10 ml

64

of concentrated Nn‘du and " Cu activity was determined in this

liquid sample form. The parcentage recovery of copper is
usually high and varies between 80% and 90N,

da) Stanﬁardisation of carrier solutions

The neocdymium carrier solution was prepared by dis-
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FIGURE 12: Radiochemical separation of copper. Flowchart,
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solution of 1.5 ¢ Siqh purity Ndzoa in 3N HCl and the solution
was made up to a volurme of 100 ml with the aeld: 5.0 ml of
this lolution were pipcitcd into a 40-m) conical centrifuge
tube and 15 ml of saturated RaCa0, solution were added. After
heating for 5 minutes on a 80°C water bath, the precipitate
was filtered undex vacuun through a Noi142 Whatman filter paper,
"transferred to a weighed porcelain crucible and ignited at
800°C for 1l hour. After cooling, the precipitate was weighed
as Nd,0y. The results of five replicate determinations agreed
within ~ 0.6%,

The cerium cfrrier solution was prepared by dis-
solving 30 g of Ce(NOy)y. 6H,O0 in 1000 ml of H,0. 5 ml of
"this solution were ﬁipcttod into a 100-nl beaker and 50 ml of
iatu:at.d (NK4)2C20‘ w‘rc'nddod. The precipitate was heated
on a water bath until it had coagulated, then cooled in an * H
ice bath for 15 minutes and filtered through a No:42 Whatman
filter paper. After a 30 nminute ignition at 800°C, the
precipitate was weighed as CeO,. Five standardizations, with

results agreeing within 0.5% have been carried out.

IV. ACTIVITY NEASURENENTS . : . .

/

~i11'tho rare=-esarth activities investigated in this
work were nnaaur‘d by following the decay of characteristic /
gamma rays on a J0-cc Ga(Li) crystal detector. The 3Sll-kaV
annihilation photons of the ¢ ‘ |
detected with a Nal(Tl) orystal. )

Cu monitor samples were
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a) 30=cc Ge(Li) detector

i) Description
The detector consisted of a Y0-ccC cry:t?l of

lithiun=drifted germanium (ORTEC model 8001-0536) contained
in a cryostat maintained at ligquid nitrogen temperature. The
operating voltage bias was +2008 volts. A preamplifier
koxmxc model 120-2F) \was méuntcd directly on the detector and
the signals were amplified by a spectroscopy amplifier (ORTEC
model 451). The pulses were fed to an Analog-to-Digital Con-
verter unit, part of a Nuclear Data 4096 channel analyser.
In order to reduce the background arising from onLironmontal
radicactivity, the whole system was placed inside a thick
lead shielding, the inside of vﬁich was lined with a copper
foil and a®lucite sheet to reduce gamna back scattering. The
duration and time interval between counts could be programmed
by means of an interval clock and u‘:yclo timer. The infor-
mation wi; then stored nutonnt;cq}ly on magnetic tape for
subsequent computer analysis. Each spectrur was recorded
with the time and duration of count and a tagword number for
retrieval purposes. At the and of each measurement, the
nenory uus/autonntieally oiaaod, the tagword number increased
by one unit and a new cycle started. A leck diagram of the
:yctdp is shown in Figure l3a.

The detector could be used eithexr on "clock-time"
or "live-time™ mode. Iu\tho second case, the system sell-
corrects for dead-time lozses. In all our expsriments, the

N

-



FIGURE 1): Block diagram of the detactor systems used:
a) Ge{Li) solid state detector,
b) NaI(Tl) scintillation detector.

!
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measurenents were performed on live-time cﬁd ﬁ&o activity
detected w;a kept to a level such that the indicated dead-
time never exceeded 30%. This was achieved by varying the
distance between sanmple and detector.

The resolution of the rot-up, in tho energy range

‘portinont to this work, was found to be 1.4% for the l22-keV

* y=line of 57Co, 0.6% for the 3Y56-keV y-line of 133!& and

0.4% for the 570-kov y-iinO of 20731 corresponding to a full-
width at halt-nmxinun of the peaks of ~ 2.2 keV.,

1i) nftici.ngx calibration

The 30-cc Ge(Li) detector has been calibrated for
both energy and absolute photopeak efficiency over an energy
range of 100 to 2000 keV by Fowler (Fo 72). The primary ‘

‘calibration has been made at a distance such that errors

due to source geometry and sumning effects (like 8-y sum-

" mation Y ray cascades) are reduced to a negligible exror.

The *hqpo of the low porﬁicn of the efficiency curve has
therefore been determined at a distance of 108.0 sm from

the detector using 1“!. n#d 13, point sources. These
nuclides have been chosen for the accuracy with which the
relative intensities of their emitted gamma-rays are known.
The msasurements were carried out using a thick plastic
absorber (9.4 mm) in ocxrder to prevent possible £~y summation.
Absolute efficiency determinations have been made at the aame
distance using a set of International Atomic Energy Agency \
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Q (IAEA) standard point sources ( Co, " 'Nn, ""Na,
88 ) and the 1"!& data yci: been normalized to that of the
IAEA standards (Fo 72) by

the Oak Ridge General Least Square Program (ORGLS) (Bu 62).

ans of a least-square fit using

In actual experiments, th: radioactive sources used
for cross-section determinations are apread acurces of 0.5 cm
in diameter, or in some cases, liquid sources. It was therefore
necessary to investigate in more details the effect of source

~ geometry on the efficiency. A liquid source of 133!& (obtained
f’i??m New England Nuclear : NEN) was prepared in identical
— -gecmetric conditions (10 ml) as the rare earth aaupl‘a used
in 151Nd experiments., Activity measurements have been made at
- various distances corresponding to the different shelves in the
sample holder in order to determine .tficicncy ratios with
respect to the reference shelf (108° rm) so that the activity of
samples with low emission rates, measured on shelves closer to
the detector, could be converted to equivalent ratios of the
calibrated distances.
“The liquid }33Ba source was then converted into a
spread solid source (same geometry of the samples) bx pre-
cipitation of bltiﬁp chromate and the same operation was

1333.

repeated. It is to be noted that the activity of the
source need| not be known, since it has been shown by Fowlexr
(Fro_72) that, at distances greater than 75.0 mm, there is

no difference in-the o!ficioacy’!or point or axtended sources.

A listing of the results obtained for the various

o i |
| \



+ 4
ISR 5t
=y AN}

nuclides in this study is given in Table I. Figure ld

shows the calibration curvn“aa d;tcrmin.d at 108.9 mm by
Fowler. The points are the IAEA and the no&mnlilod lazwa

data. The 30lid line is the curve calculated by ORGLS least-
square fit. The probable error of efficiencies above ~ 300 keV
has been calculated to bhe ~ 2%, w§i10 at lower energies it

-increases to about 8% at 100 keV (Fo 72).

b) NaI(Tl) scintillation detector

The scintillation detection systenm used in the |
measurement of the activity of the copper monitor aaﬂplcs
consisted of a 3" x 3" thallium-activated sodium iodide
crystal (Harshaw Chemical Company) hermstically sealed in ;5

aluminum can and optically coupled to a photomultiplier |

(RCA 6342-A). ?ho detection assembly was shielded from the i

background radiation by a lead housing. The inside of the ;

lead shielding was lined with iron and copper to alternate the |

fluorescent radiations from lead. |
The output pulses trom[thc preamplifier were fed

to a 400-channel Pulse acightiihalyxor (Nuclear Chicago

Corporation Nodel 34-12B, RIDL) and the sgcctrum of the stored

data was printed out with a digital print-out systém. In

the actual measurement set-up, two identical detection systems

and ehci: preamplifier could send pulscs/to the analyzer

. alternatively through a switch. An external eyci;-tin-r could

txing& the switch and the anclyaor\\'?ho arrangement is shown
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TABLE I: Absolute éfficiencies for gamma-rays of nuclides
studied - 30-cc Ge (Li) detector
Nuclide aémm;,_%a(:v) ms::r:ce Esp Eliq
1475a 91.1 20.7 mm 7.10 x 1073 —
133gm 103.2 20.7 mm 8.71 x 1073 -—
1555m 104.3 75.0 mm 1.80 x 1073 ---
153.5 mm 5.78 x 10°% -
131y5g 117.0 75.0 mm -—- 1.57 x 1073
153.5 mm - 5.65 x 107
156gm 204.0 120.7 mm 1.09 x 1072 -—-
1495 211.3 20.7 mm 1.08 x 1072 —-
75.0 mm 2.19 x 1073 1.58 x 1073
153.5 mm 7.09 x 1074 5.69 x 109
149 286.0 20.7 mm 8.28 x 103 -—-
1505, 333.9 20.7 mm 7.03 x 1073 -—-
75.0 mm 1.43 x 1073 -—
151pm 340.0 20.7 mm 6.94 x 1073 -—-
157gy 373.0 20.7 mm. 6.31 x 1073 -
146y, 453.6 75.0 mm 1.0l x 1073 -—-
153.5 mm 3.28 x 10”4 -—-
wm 3.60 x 1073 —

148m,,, '550.0 20.7
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FIGURE 14: 2Aabsolute photopeak efficiency of 30-cc. Ge(Li)
detector measured at a distance of 108.0 mm. The plotted
data are IAEA standards and 182ra data normalized to the IAEA

data. After Fowler (Fo 72).
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on Figure 13b. v

The resolution of the crystal was found to be 7.6%

137c

for the 66l1-keV gamma ray of s. The efficiency of the

detection system for the S5ll-keV gamma ray was determined

22

by Newton et al. (Ne 73) using a liquid Na standard source

obtained from New England Nuclear Corporation. The standard

sample was measured under geometrical conditions identical to

64

those for the Cu samples prepared for monitoring the proton

beam. The choice of 22Na was dictated by the fact that the

maximum energy of its positrons (8+" = 0,545 MeV) is not

6

very different from that of the positrons emitted by 4Cu

(es*Max = 0.656 MeV) . The contribution of the 1.27-MeV

22Na to the 5l)l-keV annihilation peak by pair

y-radiation of
production was assumed to be negligible.
The analyser has a provision for dead-time losses

corrections. However, Newton et al. (Ne 73) have found

that, as the dead time rises above 8%, the live timer error

becaomes significant. Therefore, all the activity measurements

64

were performed after substantial decay of Cu had occurred

s0 that the data were collected below 8% indicated dead time.
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Thisschapter describes the procedures utilized to
convert the gross data, which consist of gamma-ray spectra,

to formation cross-sections of the nuclides studied.

e

I. ANALYSIS OF SPECTRA: PEAK INTEGRATION

The phoéopeak areas, which represent the total
activity at a particular time, for a given measurement period
and a given y-transitjon, were determined by summation over

the number of channels defining the peaks of interest, fol-

lowed by subtraction of the background. All the data
recorded on magnetic tape were processed using the HMHcGill

Computing Centre IBM 360-75. Due to the large number of

peaks present in each spectrum, specially at times of meas-
urement within one hour from the end of bombardment, no at-
tempt was made to perform a primary analysis with the aid of

a program which locates the peak positions. Each selected
peak was visually located with the help of the channel num-
ber-versus energy relationship determined with standard sources
prior to each series of activity measurement. In spite of the
complexity of the sPectra; it was possible to isolate the
various peaks of interest without noticeable interference from
neighbouring y-rays (except for the 103.2-keV and 104.3-keV
y-lines of 1535m ana 1%°sm which have been treated as a single
peak, and the two compohents subseguently resolved using a
procedure descriheé in the following paragraph).
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A simple summation program, which clands the
reading of the tape, performs peak integration, print§ and
punches out results, has been used (Br 71). Input parameters
consisted of the tagword number of the spectrum to be proces-
sed and the limits of the peaks defined by two channel-
windows on each side which serve also for background deter-
mination. The program integrates the total number of disinte-
gratiogf between these limits and subtracts the background.
This background was taken as a straight line computed by a
linear weighted least-square method through the points in
the adjacent channel-windows. The variance of the total
number of disintegrations was taken as its weighting factor'
(St_65). The standard deviation on the activity of a peak
was taken as the square root of the total peak area plus the
background (true peak area + twice the background). The
output consisted of the time at the end of maasﬁiemant, its
duration, the number of recorded disintegration and the cor-
responding standard deviation. The format of the punched
output was chosen such as to match the input format for the
program used in decay-curve analysis (see following section).

AN For data collected with the NaI(Tl) detector, peak
integration was done manually. A trapezoidal background was
subtracted -from the total peak area. The straight line
defining the lower limit of the peak was that passing through
an average background on each side of the psak. The séandard

deviation of the peak area was calculated with the same expres-
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sion as above.

The apparent emission rate, R°, was then corrected
for detector efficiency, gamma ray abundance, chemical yield

to give the absolute disintegration rate p°:
D” = R x—x“l x & c.1)
E f; c-Y :

where E: detector efficiency for a specific source-detector

geometry.
I_: number of y-rays emitted per disintegration.

C+¥: chemical yield.

The values IY for the various nuclides pertaining
to this work are shown in Table II, along with the half lives

used in subsequent calculations.

II. DECAY-CURVE ANALYSIS

The dccay*data were analyzed with the Brookhaven
National Laboratory least-squares program CLSQ (Cu 63). This
program, which was originally written to treat deca& data
obtained with gas-flow beta counters, uses a least-square
procedure to ::oup;n‘;e -the activity at some arbitrary initial
time and is capable of resolving up to ten components. At a
given time t, the observed disintegration rate is the sum of
the contribution of the m components (m € 10):

fed



TABLE 1I: Decay properties of the observed nuclides

Nuclide pode o +  Half-life Radlatlion ugggggagin Ref.
146, c 14.2 m 453.6 kev 0.77 Le 67
146, c 2.2 m St A s 0.77 "
1474 c 10.99 4 91.1 keV . 0.28 "
148m,, 1 41.3 4 ' 550.0 keV 0.95 "
14954 c 1.73 h 211.3 keV 0.27 "
U9 c 53.1 h 286.0 kev 0.026 Ch 70c
1505, 1 2.68 h 333.9 keV 0.71 Le 67
151yq c 12.4 m 117.0 keVv 0.40 "
151py c 28.4 340.0 keV 0.21 "
153gm c 46.5 h 103.2 keV 0.28 "
155gm c 2.2 m 104.3 kev 0.73 "
1565m c 9.4 h 204.0 keV 0.20 "
157gy c 15.2 h 373.0 keV 0.14 "
64cu (p,pnR) 12.74 h 511 keV 0.38 "

*
¢ = cumulative product

i = independent product
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m
A(t) = I IIjexp(-kjt) + V(v)] (C.2)
3=L ‘

where Ij is the initial activity of the jth component and
V(t) is the residual at time t due to statistical fluctua-
tions and experimental errors. For each observation of A(t),
there is an equation of the form of (C.2) which is linear
with respect to the initial activity. A least-squares
solution for the Ij‘s is obtained by minimizing the squares
of the properly weighted residuals. Each point was weighted
by the value of the standard deviation and the origin of
time was taken as that of the end of bombardment (plus half
the duration of the counting interval in the case of short-
lived nuclides). Besides providing the activities at the
origin of time, this program also gives the half-lives of

the nuclides corresponding to the best fig as defined above.

A second program, based on the same principle, was
used to analyse the copper monitor data obtained with the

Nal(Tl) detector, as in the original work of Newton et al.

(Ne 73). 1In this linear least-squares treatment baséd on

the mathematical method of Von Holdt (Vo 59), there is no
i
provision for a variable half-life"nd half-life values must

be given as input data.

Fi
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III. CROSS SECTION CALCULATIONS

a) General equation

The observed disintegration rate of a species A
at tha end of bombardment, DA°. can be calculated according

to the expression:

-, t

DS = Ingg,(i-e Ao, €.3)

o
A

where .

.

I: bean intgnsity of the bombarding particles
(number of particles per second).

Dy superficial density of the target material
(number of atoms per cnz) .

formation cross section of species A (cmz) .

ot
At decay constant of nuclide A (in sec™d).
ty: duration of bombardment (in seconds).

The determination of I is achieved by monitoring
the beam with a known reaction. As stated before, the reaction
65(:\:|(p,1:m) 54cu was used for this purpose. | The cross sections
at the dittu‘nnt bombarding energies used in this work are
listed in Table 3. Those labelled with an asterisk have been
interpolated from the original values of Newton et al. (Ne 73).

The disintegration rate at the end of bombardment of
$4cu, 3 , can be calculated from a relation similar to (C.3):




TABLE III: 6501(p,pn)“c‘u cross sections
Ep (NeV) b Ref.
—_— -
20 - 285.0 Ne 62
25 429.1 Ne 73
30 408.7 .
35 249.7 .
40 244.6 "
45 194.5 .
50 186.6 .
55 178.2" .
60 169.7" .
65 162.5" . !
70 155.3" ..
77 156.9 .
85 1’ .
/
- , \
'intcrpolated values
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o . : M o
Dy InyOy Q-e ) (C.4)
where the subscript M refers to the monitor.

By exposing an egual area of the monitor and the
target foils to the same beam, the intensity I will be
identical in equations /{C.3) and (C.4). Therefore, the
formation cross section of A may be detemined relative to
the known monitor cross section by combining these two
equations:

o -A,t
8PA (1-e M9 (C.5)

c, =0
A N (<) -
"'rbu (l-e A °)

The n\?t of atoms in a given area is related to its weight by:
§

- n-A—‘.'ﬁ.xAbe f (C.6)

W: weight of the foil.
A.WN: atomic weight of the target imclide. o

»

: isotopic abundance of the target nuclide.
w : Avogadro's number.

-~

Substituting (C.5) for the monitor and the target
, imto (C.4), one obtains: .

. Al w “ “x“t.
A N - - C.
oyt xw< = )

/

/
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b) Calculation of disintegration rates at the end of

bombardment

i) Case 1 .

Equation (C.6) may be applied directly to calculate
the independent cross sections of shielded nuclides and the
cumulative yields of nuclides with shor::iived Precursors.
This situation is encountered in fhis work in the case of

181 157

l4aum and 15OPm (independent) , and Nd and Eu (cumulative).

(see Table IV for details on the various decay chains in-

155 ISGSm

volved in this study). The precursors of Sm and
have been assumed to be short-lived since po data on half-
lives exist so far in the literature. In any case, half-
lives are likely to be short enough so that saturation rates
are reached in a time short compared to a 30 minutes ir-

radiation period.

ii) Case 2

When the parent decays with a half-life” which is
not short compared to that of its daughter and/or the duration
of irradiation, its contribution to the observed cumuldtive
yield of its daughter has to be evaluated. Consider a chJLn
A+B=~C (stable! with A having a short—}iv.d precursor.
The amount of A present at the end of bombardment, may be
expressed by a relation similar to (C.3).

; A, t

X - 33‘-;3'- a- ) .8
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TABLE IV: Fission product decay chains (Ho 72)

mf:""“"t 5,La 55Ce 5oPT 6oNd ¢ Pm 62 5m ¢ 3Eu
‘ 146 8.38—————» 14.2m——s 24.2m ——s stable
147 < 108 — 708 ~ 12m »10.994 —+2.62y —» 1,07.10%1y
148" 138 —& ~ 438 — 4 2.0m —— stable, 41.3a — 1015y
149 V.8hort? ——+ 18?2 ———+ 2.3m —— 1.73h ~—— 53.1h ——a> 1,105y
150 v.short? ——+s 12,48 ——=» gtable 2,68h -——= gtable
151 v.short? + 48 *12.4m ——= 28,4h ————+ 93y ————s gtable
153 . v.short? ——s 5.4m —— 5 46.5h ——» gtable
155 v.short? —— 22.2m ———= 4.8y
156 v.short? ~——» 9.4h ——=» 15,24
157 v.short? ——— 835 ——» 15.2h
Y = year h = hour 8 = gecond
4 = day m = minute
o
. -
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At any time t during irradiation, the net rate of

production of B is;

dNB -XAt

I = OAInT(l-—e ) + ,cBIn,r - ABNB (C.9)

The first group <;f terms appears due to parent
nuclide A, the second term is from the independent formation
of nuclide B, and the last term takes care of the decay of
the daughter nuclide B. At the end of bombardment, the amount

of B present is:

N =1 (1:2:_&)( +0.) - (e-XAto‘e-XBto)o (C.10)
B Dp ig Op ¥ 0Og) - Ing g - X, A y

where oa is the cumulative cross section of species A and

o, the independent oross section of nuclide B.

B
After the end of the bombardment, the amount of B

o]

growing from N, in a time t is:

-RAt -lBt

A, N2
xs—_j—‘x-- te *-e B) €.11)
A

<

Therefore, at time t, the disintegration rate of B, after
substituting n‘; in (C.10) one obtains:

At At
Df = In, {u—e‘x’ °) -a *s - ta, + op)
At -Aot
Agle Ao_c"ao). gt
- )-B = AA e N / {C.12)
! Xt .
agll-e 2 “Apt -Agt

+ A‘ T— A‘ (o - )cA}
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In this work, whenever the rare-earths were treated

as a group, no parent-daughter separation occurred. Therefore

b ke et

(C.12) applies to the observed disintegration rates all
throughout the period of activity measurements. Secondly, the 3

data used in decay-curve analysis are those collected at a time

when complete decay of the precursors of the nuclides of

=i, t
interest have taken place, i.e. when terms in e have
disappeared. Therefore, the extrapolation of the decay curves

to the time of the end of bombardment yields the following

1
expression for the observed disintegration rate of B, Dg :
-t
2 -igt, Ag(l+e 270
Dp = Ing {(l-e )(oA + op) + _— kA On (C.13)

The second part in this expression represents a
corrective term to the first one which otherwise is identical
to equation (C.3), with (°A + aB) as the cumulative cross
section for nuclide B. This correction had to be taken into

account in the case of the 1‘GCe - 146

Pr pair. 1In all other
cases investigated in this work, the differences in half-iives
were large enough to treat the last member of the decay chains
as one having a short-lived precursor as 4; b-i), without in-
troducing significant errors in cross-section calculations.

It has to be noted that equation (C.12) is applicable
only to cases where eibper all the numbers of a decay chain are
chemically separated with the same yield or the short-lived

precursors have decayed completely. For }‘sPr - cumulative cross
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section measurements, following group chemistry of the rare

earths, the targets were processed after a cooling period of

146, (> 94v)

about ~ 1 hour, in order to allow the decay of
to take place. This precaution is made necessary by the fact
that cerium, as a fission product, might exist in the +4

.

oxidation state.

iii) Case 3: Cerium-praseodymium separation

The calculation of the disintegration rate of 146Pr

formed by decay of its precursor 1“GCe becomes slightly com-

plicated by the fact that during the last stage of the chemical

146

separation (iodate precipitation), some of the Pr which

has grown from 146Ce after the cerium solvent extraction fol-

lows the cerium fraction.
Let t be the duration of bombardment, t the time
of the first Ce - Pr separation (solvent extraction) and t2
the time of the second Ce - Pr separation (iodate precipitation)

14

A and B refer to 4%ce ana 146pr respectively.

At time tye following the extraction, the amount of

1‘6Ce present in the cerium fraction is
=), t
t -, t - vAO -A, t
My, L =n2e Al an‘l—Ex;-—-)-e a1 o,  (C.14)

/
the amount of B following A has been found to be negligible
(section B IIIeb)f

At time ty just before the iodate precipitation,
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[l
c the number of atoms of 146Cte is;:
-A,t
t Ao -A,t
2 _ (l-e ). AT2
NA = ?[n,r " e Oa (C.15)
The amount of l‘sPr which has grown from 1‘Gt:e
during the time interv*l (t2 - tl) is expressed by:
Y
> t2 Al “Apley=ty)  —Aglea—ty)
N, T = X;——r_ fe -e lo, (C.16)
A

At time t2 just after the ceric iodate precipitation,
a fraction of species B follows A. Let o be this fraction
(a = 0.15 as determined in section III-b of experimental

procedures). At a time t > ty the amount of B present is

14 6Ce, after

therefore made up of two parts: that grown from
the second Ce ~ Pr separation, and/ that coming from con-

tamination by lZv‘GPr formed Quring the time interval (tz'tl) .

t t A -, (t-t,) -=-r,(t-t,)
2 A A z_e"a 2

/ (C.17)

N

t t2

By substituting W, 2 ana B, © in (C.17) one gets:




- hl - \;.. wﬂiga d Y -
. AV B “] - ‘ ,A__n - - ' b e -

PP ) E" SN~ . ’ﬂ T R T s s RE
i M-digﬁ‘ LI AE e = 3

-A, t
t A© =i, {(t=-t.) =i, (t-t,) -A,t
- (1-e ) a2 B 2! Ta%2
Ng ~‘I“T°aT;Tx;{Ie —e 1-e

(C.18)

A, (t-t)  =A (t-ti) = t, =X (t-t,)
v afe A2 ettty Tan TBTRTR2 }

At a time when 1"GCe has totally decayed, the term

—A, (t7t,)
e vanishes in (C.18). The extrapolated disintegration

rate of B, D ., at the end of bombardment is obtained by

+XBt=

multiplying (C.18) by lB and the decay factor e

+it
*a%, M8%2 “A(t-ty)  mAg(t,mt) At
)Y -T ‘:x-[e -e

o _ (l-e
DB InTOA )‘B
B A
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I. CUMULATIVE CROSS SECTIONS

The cumulative formation cross sections at each
incident energy have been calculated as explained in the
preceding chapter from the decay scheme data given in Table II,

the monitor cross sections presented in Table IV, the ef-

ficiency of the detector shown in Table I, the chemical yields

and the duration of bombardment. In the case of l‘GPr, an

additional parent-daughter factor was applied due to incomplete
saturation of the precursor 146Ce. A correction arising from
cerium contamination was also incorporated in the final cross
section calculations using the c?ntamination factor determined
in Chapter B (section III-b). The cumulative yields for

238

production in the fission of U at incident energies 20-85 MeV

of the cumulatively-formed nuclides studiedxin this work are
qyawn in Tables V to VII. The values quoted for these cross
sections are in most cases éﬁe result of several determinations.
They were obtained by taking the a;;ragé of these measurements

and the associated errors represent the maximum amplitude

" between replicates{

Whenever a single experiment was performed, the error
quoted has been calculated by taking the maximum § error deter-
mined from replicate measurements at other energies. The
systematic errors have not been included in the error bars
shown and these will be discussed in a subsequent section.

!hc data given in Table V throngh VII. along with data from
Y




© TABLE Vi

*
Cumulative formation cross sections

&
T 146, 146, 147, 149,
!P(“‘VYS‘ N/Z=1.5172 N/Z=1.4745 N/Z=1.4500 N/Z=1,4833
20 11.7 ¢ 2.3 (1) 15,2 ¢ 1.7 (2) 15.9 + 1.8 (2) 9.40 t 0.7 (2)
25 10.5 ¢ 1.6 (2) 15.0 ¢+ 1.7 (1) 16.7 ¢ LTod- (2) 9.50 + 0.9 (2)
30 13.8 + 1.4 (2) 20.2 t 1.4 (2) 18.1 ¢ 2.5 (1) 11.8 £ 0.7 (3)
35 10.1 + 2.0 (1) 17.5 ¢ 1.6 (2) 20.8 ¢ 2,5 (2) 12.5 £ 1.1 (2)
40 12.3 ¢ 1.8 (2) 18.7 + 0.9 (2) 21.0 + 1.9 (2) 12.1 £ 0.9 (3)
45 9.9 ¢ 2,0 (1) 18.3 ¢ 1.1 (2) 18.5 ¢ 2.5 (1) 12.2 ¢ 1.4 (2)
50 5.7 ¢ 1,2 (2) 17.2 ¢ 0.8 (3) 16.6 ¢ 2.3 (1) 13.9 + 0.8 (4)
55 7.4 £ 1.5 (1) 17.6 ¢ 1,2 (2) 20.4 £ 2.8 (2) 14.0 £ 1,7 (2)
60 6.4 £ 0.8 (2) 15.8 ¢+ 1.3 (2) 19.2 £ 1.7 (2) 11.9 £ 0.7 (3)
65 4.7 2 049 (1) 15.6 ¢ 1.8 (1) 15.5 ¢+ 2.2 (1) 10.7 t 0.9 (2)
0 4.4 £ 0,9 (2) 13.8 ¢ 0.9 (3) 13.7 ¢ 0.6 (2) 9.5 t 1,0 (2)
77 6.1 ¢ 1.2 (1) 13.7 ¢ 1.4 (2) 11.8 £ 1.5 (2) 6.8 £ 0.7 (2)
88 3.6 £ 0.4 (2) 9.6 ¢t 1.1 (2) 11.4 £ 1.7 (2) 6.5t 0.9 (3)

*Tho numbers in

brackets give the number of determinations

189 ¢




TABLE ]‘: Cumulative formation oross soctionn*

VAR ]

49, 151, 151, 153,
EP}H-V) N/2=1.4426 N/Z=1,5167 N/2=1.4754 N/2Z=1.4677
20 1234 1.3 (1) 4.3 ¢ 0.6 (2) 7.1 ¢ 0.8 (2) 3.3 t 0.2 (2)
as 12.4 2 1.8 (2) 4.9 £ 0.9 (1) 7.2 £ 0.6 (2) 5.0 £ 0.6 (1)
30 15.4 £ 1.4 (3) 5.2 ¢ 0.4 (2) 7.7£0.9 (3) eeee-
35 16.4 2 1.5 (2) 5.1 % 1.0 (1) 7.9 ¢ 0.5 (2) 6.7 t 0.9 (1)
a0 16.0 ¢ 1.2 (3) 5.0 £ 0.7 (2) 7.8 & 1.1 (3) 7.2 ¢ 0.6 (2)
‘s 16.4 2 1.8 (2) 5.2t 1.0 (1) 8.1 £ 0.7 (2) 6.4 0.9 (1)
50 | 18.9 ¢ 1.7 (4) 4.8 £ 0.9 (2) 8.5 % 0.6 (4)  ememm
855 ' 19.0 2 2.2 (2) 4.8 £ 0.9 (1) 8.3 ¢ 1.1 (2) 5.9 ¢ 0.8 (1)
;ﬁ; 163 % 1.8 (3) 4.3 £ 0.4 (2) 6.7 ¢ 1.2 (37~  emem-
65 14.7 2 0.9 (2) 4.2 £ 0.7 (1) 6.9 ¢ 0.5 (2) .
70 13,52 1.5 () 4.5 ¢ 0.8 (1) 6.3 £ 0.9 (2) 6.0 £ 0.8 (2)
- n 10,1 ¢ 1.3 (2) 4.4 £ 0.7 (2) 5.9 ¢ 0.6 (2) 6.2 £ 0.9 (2)
a8 9.6 ¢ 1.1 (3) 3.2 £ 0.6 (2) 4.;: 0.5 (3) 4.3 £ 0.5 (2)

'rhn numbers in

brackets give the number of determinations

TIT
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0 TABLE VII: Cumulative formation cross sections*
F::&bev) N/;:ff?OOO N/;i.’i??lsl N/;i;{;2921

20 2.2 + 0.4 (2) 1.9+ 0.3 (z) 1.1 ¢+ 0.2 (2)
25 2.4 ¢+ 0.5 (1) *2,7 £ 0.6 (1) 1.0 £ 0.3 (1)
30 3.7 £ 0.5 (2) 3.5 0.4 (2) 1.2 =+ 0.3 (2)

35 ——— — ———-
40 - 3.1 £ 0.3 (2) 2.3 £ 0.3 (2) 1.8 = 0.2 (2)
‘ 5 0000 - 2.2t 0.5 (1) 1.8 £ 0.6 (1)
. 50 3.0 £ 0.2 (3) 2.2 + 0.3 (2) 1.9 = 0.3 (2)
55 —— 1.8 ¢+ 0.4 (1) 1.5 £ 0.5 (1)
. 60 3.2 £ 0.5 (2) 1.6 + 0.4 (2) 1.4 0.4 (2)

- 65 @0 Mmeem—- - — —— -
70 1.9 + 0.4 (1) 1.9 =+ 0.5 t1) 1.9 0.6 (1)
77 2.4 £ 0.5 (1) 1.8 £ 0.2 (2) 1.2 £ 0.2 (2)
85 1.7 £ 0.2 (3) 1.6 + 0.4 (1) 1.3 £ 0.3 (1)

b
-\

l"l‘lxe numbers in brackets give the number of determinations.

-

N
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"y

Stevenson et al. (St 58), Pqppaé and Alstad (Pa 61) and

Baba et al. (Ba 71) for 147wa, 14%pm, 150py, 151p, 1334,

156Sm, and 157Bu were used to construct the excitation functions

shown in Figures 15 to 25 inclusively.

II. INDEPENDENT CROSS SECTIONS

a) l‘Bum, 1S°Pm: the independent yields of these

two-shielded nuclides have been determined in the straight -
fgrward manner outlined above. Excitation functions are shown

on Figures 27 and 28.

b) 1“GPr, lSIPm: independent cross sections have

been inferred by subtracting the cumulative 'cross sections of
1‘6Ce and 151Nd from those of their daughter nuclides. The
erxror En the estimated independent yields was calculated by
taking the square root of the sum of the squares of the un-

certainties on both cumulative yields of the 1‘603—146Pr and

151&6—151Pm pairs. . This procedure, however inaccurate, was felt
to proyide a rather reliable estimate of the independent yields
concerned, specially in the case of l‘arr, where activity
measurements have been carried out on the same nucli&e (146Pr)
for both members of the pair, thni eliminating factors of

exror arising from the measurement of two different activities
(via uncertainties in decay schemes and eff{éiency of the
detector). Por °lpm, an additional 15% uncertainty was added
to the error bars on the fractional independent yields used

in the conltr7ction of the charge dispersion curves.
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Excitation function for the cumulative formation
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Excitation function for the cumulative formation

FIGURE 21:

of 151Pm.

0 This work
V 2appas and Alstad (Pa 61)

R

+

o,
YR
~
- L4 %
S S i

-+
PR

i

7

s
L
Pl
i,

2 ‘z{%v

T

ME

%



151

Uipf) Pmc

238

«'w,
*

(qw) uets

s
3

.Ai} ﬁpj‘ B, i

P




>

.
-
4

T Ty A
o R
g

w2

B

i
o

wh
]
a‘(rf

FIGURE 22:

of

L
N
1‘}}; I

A o

LY

® This work

O Stevenson et al.
—"

A Baba et al (Ba 71)

A Pappas and Aistad (Pa 61)

-

o,

122

Excitation function for the cumulative formation
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PIGURE 25: Excitation function for the cumulative formation
of 1575, . /
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c) 149Pm: the application of a straightforward

subtraction procedure is no longer possible. Unlike in the

149 149

Nd and Pm cumulative yields are almost

previous case,

identical within the bombarding energy range used in this

1499m is a rather neutron~deficient nyclide.

149&4 and 1‘9Pm obtained show *
14

work, since
However, the values of
surprisingly large differences which lead to 9Pm independent
cross sections which are far too high to be in accord with
the charge distribution systematics. This situation might
149

partly arise from the fact that Pm activity measurements

have been carried out through its 286-keV y~ray, whose abundance
is only 2.6% (Ch 70¢) A 10% error on this value would result, -
for example, in a ~ 2 mb increase on the cumulative cross
section of 4%pm at 55 Mev. The following approach was
therefore adopted to estimate the independent cross sections.

ae. cross section ratio of 1491’1:“:)/]"91«!0:) was determined

~ in each sample used in this series of measur s. A value

of 1.304 was found at 20 MeV, vhich was then u as a nor-

malization factor for all others found at higher energy, based

on the assumption that at 20 MeV almost all of mass 149 chain

is 4istributed over 1":4 and its precursors (except for a

0.04 mb contribution from 4%pm as determined from charges

dispersion curves constructed with the other independent yields).
’ These estimated “:rnu.) cross sections have subsequen-

tly beé® used only as a guide for the determination of the

final charge distribution curves, by being assigned a 508

-
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error. No significance beyond that of a rough estimate

should be placed on the values W.
All independent yields determined in this work

are shown in Table VIII and the corresponding excitation
functions appear on Figures 26 to 29.

III. TOTAL CHAIN YIELDS

The cumulative cross sections determined in this
work in the mass range 146-151 have been corrected to total
chain yields using a first estimate of the charge dispersion
obtained with the help of the independent formation cross sec-
, 148np-’ 1509-' 149,. and 151

tions of 1“1’: Pm. For masses

higher than A=151, no such correction has been attempted, since
the cho.rgo dispcruon ;pa:mu:s determined for lighter products
may not apply to t.hi- mass range. The cunulativc yields of
1”!., lsssn 1“8- and 1572\1 have tbcrotoro bun used as

/
lower limits for total chain yields of the co:rupondtnq

masses.
Our data, along with other published in the literature,

are shown on Figures 32 through 44. The portion of the mass

“distribution covering the mass range 132-161 has been found to

be well described by Gaussian distribution (Ba _71). This as-
sumption has been used here to perfors a least-squares fit,
using the ORGLS pmmadgmtmuummm
nocums section. The :uuun'ol such a: mt are shown
ip.7able IX. mmtmua-mu%mcmot

A

i Ml




WiIl: Independent formation cross sections (in millibarns)’

—

R R 5 150, 146, P 151, ¢
We=1.4262 - N/3=1.4426 N/Z=1.4590 N/2=1.4746 N/B=1.4754
—— 0.04 & 0.02 0.15 : 0.03 (2) 3.5 + 0.8 2.8 & 0.5
———— 0.04 2 0.02 0.22 % 0.05 (2) 4.5 2 0.9 2.3 0.5
— 0.05 % 0.03 0.31 % 0.04 (2) 6.4 % 0.7 2.5 0.3
— T 0.12 £ 0.06 0.47 ® 0.12 (1) 7.4 £ 1.6 2.8 0.6
~———- ' 0.21 2 0.10 0.80 % 0,22 (3) 6.4 ¢ 1.0 2.8 £ 0.6 i
——— 0.42 % 0.20 1.20 ¢ 0.30 (1) 8.4 ¢ 1.8 2.9 & 0.6 ?;‘
E;ﬁf‘; 30 7 0.5 20.04 (1) | Q.54 20.27 169 20,42 (1)  1.5:2,5 | 3.7 %07 ég?
A 0.12 ¢ 0.03 (2) 0.62 t 0.31 1.50 % 0.15 (4) 10.2 £ 2.1 3.5 +0.8 o
T &0 - 0,16 % 0.04 (2) 0.64 2 0.32 1.53 ® 0.22 (2) 9.4 % 1.4 2.4 2 0.5 e ¢
- #5 - 0.25 * 0.06 (1) 0.61 £ 0,30  _1.49 % 0.18 (2) 10.9 ¢ 2.7 2.7 £ 0.5
s 2 . 0.3 % 0.08 (2) 0.88 * 0.44 1.75 % 0.14 (2) 9.4 & 2.0 1.8 & 0.4
” 0.3  0.10 (Dn 0.97 * 0.48 2.18 £ 0.17 (4) 7.6 1.7 1.5 £ 0.3
‘ S . 0.49 t 0.08 (2) 0.88 & 0.44 2.54 £ 0.23 (2) 6.0 ¢ 1.0 1.0 ¢ 0.2 )
.l‘h. numbers in brackets give the mmber of determinations. ot ﬁ;
R - & = best estimated values (see text for details) , ® !
B =03pg 148Pr = o, 16 - o, Sce c = oyq lem = o, lem - o MOlna
- . ) e
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PIGURE 26: Excitation functions for thg independent ¥formation
| of 148% and 1501’-. .
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th. nass diotribution, the corresponding total chain yield
and the lult-vidth at half-maximum (HWHM) of the assumed
Gaussian distribution are listed in columns 2 to 4., The

last column shows the vniuu ‘at each energy of a fit p/armur
setined as: Viwe (0-c) 2/ (Ho-wv)

where: O = observed valus ‘%0 = number of obgervation:

C = calculated value NV = number of variables ,
W = statistical weight of the data points taken a?
the inverse of the uncertainties on the éx~
perimental determinations,
The values of total chain yields inferred from the
Gaussian f£it and used in subsequent indbpendent fractional
yields calculations are shown in Table X, The mass distri-~
bution curves appear on Figures 30 through / 42 inclusively.

IV. IFRACTIONAL INDEPENDENT YIELDS

The fractional independent yields were oomputed
by dividing the experimentally determined independent cross
sections by the totsl chain| yie ned as” desoxibed
above. An average additionsl error of 108 arising from the
mwuwuxmummvaucvumww

utuiucrmhuaonimtcruc sections,

| /' In the case of Yy, ¢1s Ladependent cross
mmuummmmmu“"m

,wwﬂ-mmuwﬂmw ot was o

, s é}; 5/ ‘e o, Fr’
b/ alhg sousse Of the” Guphiti
,’ i ) 4 gh,, ¥ }/» ’A? 1;43"1
3 S . g e & 2
‘e ¥ oLapd 7 oF "7 f{ r!u At
3 o‘& 1 )fg’g’,’c,( #y ) "‘Jg L I Lt

¥ o h
. 4 4@‘5‘,{?@&?&): b, ..»“g”,
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TABLE IX: Pparassters for the heavy side of the mass
| ‘distribution '
,
£, (MeV) A, o ma ’ Ogql (mb) &
20 136.7 11.5 36.4 0.562
.28 é 13;.9 11.0 47.6 o.tfo
30 135.8 11.0° 9.5 0,759
35 "134.9 LEPPIR 57.2 0.964
0 . 1332 128 4 86.6 0.712
s 132.3 12.0 67.2 0.403
50 132.4° 11.0 .8 0.392
.88 ' 132.2 12.8 66.4 0.809
60 130.2 12,8 X 1.159
“ 130.4 12,0 75.1 1.007
70 131.0 13.0 6.4, 0.628
7 126.¢ ‘13,0 77.9 0.706
o 127.9 Tao 08 0.702
*sit tacter = x = VZWH0-C)2/ OV) /
. Oephaerved vaiwe | ¥ W wensber of sbserva
- Lo T St of vasiakies ©
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FIGURE 38: Heavy side of the mass distribution resulting

from proton fiasion of natural uranium at §0 MeV,
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because of its extramely low production cross section in the

oﬁorgy ran f20—85 MeV). Umexzawa (Um 73) has measured the

isomar atio “_ﬁr-“ for *‘smpm and l‘egpm produced in
thermal-neutron fission of 2330 and found a value of 0.88.
On the basis of this result, one may reasonably expect Fhis,
ratio to be higher in 20-85 MeV proton fission of 238y since
the higﬁer tha energy ot‘thé incident particle, the higher the
angular momentum transfa;red to tha target nuclaus (at least

in an energy range where, as in the present case, the compound

_ nucleus mechanism predominates), a fact which ‘'should favour

the formation of the high spin state (6-) 1‘Bum over that of
the low spin state (1-) V‘agpm. A %0% correction to the +4%Mpp
cross sections was nonetheless lppli%dﬂgpr the purpcse of

fractional independent ylelds calculations,

The values of the fractignal independent yields /~f/[”\v,g

used in the construction of‘the final charge dispersion

curves axe shown in Table XI and Figures 43 to 45.

.
*

it

V. ERROR ANALYSIS e

Errors involved in the axperimental part of this .
work are of two types:
\ - ayatematie errors, due Eo an imprecise knowledge
- of certain constants. of the reactions studied,
They affect all experimental results in the same
WAy once a set of congtants has been adoég;d.
- random errors which arise from imprecision in the

B
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TABLE XI: Practional independent yields used in charge dispersion curves h

|

j— -

» P B
‘wb 148, 2 149, 150, 146, 151,

. fP(HeV) ) N/2=1.4262 N/2=1.4426 N/’Z=1.4590 N/Z=1.4746 N/Z=1.4754
20 b0.0001 £ 0.00001  0.0040 % 0.0024 — 0.019 % 0.005  0.20 £ 0.07  o.44 < 0.18

) 25 . P0.0002 + 0.00003  0.0035 + 0.0021  0.024 £ 0.008  0.22 £ 0.07  0.32 % 0.15 .
30 P0.0004 + 0.0001  “0.0041 :+ 0.0024  0.032 % 0.007  0.30 £ 0.06~  0.33 s 0.12
35 P0.0009 £ 0.0001 0.0095 £ 0.0057  0.046 # 0.016 0.3 £ 0.10  0.35 £ 0.16
40 P0.0019 + 0.0002  0.0180 : 0.0108  0.084 £ 0.032  0.32  0.08 0.37 £ 0.17
45 ®0.0035 2 v.0004 0.0347 + 0.0208  0.122 + 0.043  0.40 £+ 0.12  0.37 + 0.14
50 - 0.0105 t 0.0035 0.0415 t 0.0249 0.160 £ 0.055 0.51 ¢t 0.16 0.44 t 0.20
55 0.0089  0.0027 0.0506 ¢ 0.0336 ~ 0.150 £ 0.030  0.48 £ 0.15  0.44 £ 0.22
" 60 0.0142 £ 0.048 - 0.0626 £ 0.0376  0.184 + 0.044 0.3 £0.13 0.3 £ 0.16
65 0.0214 £ 0.063 0.0554 # 0.0332  0.167 # 0.037  0.56 £ 0.20  0.39 £ 0.18
70 . 0.0303 P 0.066 0.0900 £t 0.0540 0.224 + 0.041 0.53 ¢ 0.160‘ 0.29 £ 0.17
° 77 0.0468 1 0.138 0.1160 £ 0.0696  0.312 ¢ 0.057  0.52 £ 0.12 . 0.27 £ 0.12
85 0.0614 ¢ 0.148 0.1240 + 0.0744 ~ 0.446 t 0.084  0.46 £ 0.12  0.22-£ 0.10

. —

oSt

- + & = corrected 148'?. data (see text for details) - -
b » data from Umezawa et al. (Um 70) e
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N ‘
o actual measursments. / .

Errors in the riccay ochatacg\ctistics of the nuclides
studied (i.e. branching ratios and hglf—livn) ' frrors in
detector efficiencies and monitor cross sections dbelong to the
first caéegory. Uncertainties in the decay schemes can b\n
important in the case of a weak. peak. kost of the y-rays
.selecteé for activity measurament purpdsos in this work
were rather inverse psaks (ses Tabla II), except for the

ung. As mnjtioned previously, the

1{49

286.0 keV y=-line of
observed discrepanty batweean Pm axperimental Cross sactions
i and those calculated from charge dispersion systematics may

bhe accounted for by a 30% arror in de\cay charnctuijtics. In

f
all other cases, no errors have been assigned to branching
!

-ratios taken from the 1i/terature. The half-lives found as
; result of‘CLSQ analysis of the decay curves weare in qood
agreement with the Ipublished values and.the latter have been N
used to calculate the decay constants. l/ ‘
/ / An error of : 3% was\gnowed for dotcctor etﬁciancics.

in. accord with the recomendatxon of Yowler (Fo 72) « An un-

cartainty of 5.9%, quoted by Newton et al. (Ne 73) in their

< ! |
‘ ! /monitor work, was adopted for the 63

cu(p,pn) *tcu cross/ section

used for beam intensity determination. In the case of 151Rd

148

neasurements, where Nd acted as an internal monitor, an

, additional 5% erxor was added.
Random errors arise from the determination of
disintegration rates, chenmical yields, superficial densities

4

r ¥
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A

'been neglected. The er
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/

-

of the target and monitor foils, the reproducibility of
sample geometry, volume measurements etc... An estimated

error for each of these factors is given below.

P Y RNy Wer x- vy

The main source of error in cross:section valuas
lies in the determination of the photopeak areas. This error
was estimated to be : 6%, except for 148um where an error of
t 8% was assumed because of its }ow yields. Thé analysis of
the decay curves introduces an additional error. Foxr short
lived-nuclides (i.e. half-lives %eSS than a day), where the
collectiog of data was carried out automatically, the error
did not e#teed 3%, due to the large number of points defining
the decay curves. For longer lived nuclides, the uncertainty
was éstimated to be : S%.

The chemical Yields were determined by gravimetric
methods, using an analytical balance which gives a precision
6f : 0.01 mé. The weight of the solid samples ranged from
10 to 15 mg and the img;::ision in the weighings has therefore

s due to pipetting were minimized

by using calibrated volumetric glassware and do not exceed

L]

2 1%,
Sample gecmetry reproducibility did not introduce

significant 'errors for short-lived nuclides where activity

\ Ly
neasurements Hhve been carried out at distances from the
dqtﬁptor greater than 75.0 mm. At a 20.7 mm distance, errors

arelhélievedhnot to be in excess of : 2% for solid samples.

Al
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I. EXCITATION FUNCTIONS

The independently-formed nuclides 148%pp, 150p,,
and ug?m sfxow the classical behaviour of neutron-deficient
species formed in fission, namely a sharp rise in the
excitation functions with increasing incident energy, as can

146 lSle which

be seen in Figures 26 and 29, whereas Pr and
are further away from the stability line have excitation
functions which reach a maximum located at 55 MeV for both

curves {Figs. 27 and 28). Friedlandexr et al. (Fr 63) have

pointed out that there is a definite corrxelation between
neutron-to-proton ratio of fission products and the energy

at which their excitation functions reach a maximum with the
peak moving to higher energies with decreasing neutron-proton
ratio. Such a conc_lpsion was drawn from cesium data obtained
in-the fission of 238y in the 0.1-6.2.GeV range, and was
consequently confirmed by various other workers. This is
illustrated in Figure 46. Whethexr this curve will represent
the data for nuclides other than cesium is not clear. However,

Parikh et al., (Pa 67) found that excitation functions for

barium, lanthanum, and cerium agreed with the cesium data.

Miller (Mi 73) observed a similar agreement in the case of

s

antimony isotopes. According to the Friedlander systematics,

1“yx\md 1515, (which heve almost identical N/Z ratios) should
exhi}_:it a maximum yield around 45 MeV, and our data confirm
&

rather well this pfediction. 3o§ever, caution should be

N 0 o o . i Lk e cnilan Sl H K
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exwzuch an analysis is pertorméd on the basis of
excitati functions constructed using formation cross sections,
since one of the assumptions inherent in this approach is that
the existence of a peak in the excitation function of an
independent product is related to the energetics of the fission
act" leading to this particular product, and not to its
probability of occurrel:ace. In other words, that the maximum
observed is due mostly to a preferential formation of this
nuclide with respect to its adjacent isobars, rather than to

an overall increase in the yield of the mass chain to which

it belongs. Fractional independent yields are therefore

more suitable for this type of analysis. The fractional

146 1515, determined in this

independent yields of Pr and
work are affected by large uncertainties and the determina-
tion of a peak on their plot versus energy is somewhat dubious
{s/ae Figures 44,45). How;ve:, the peak_ energy values for

these two nuclides have been plotted on Figure 46, as
determined from fractional independent yields. They appear

to be in accord with the peak-energy-versus neutron-proton ratio

systemtlcs of Friedlander et al. In the case of l““?m,

J‘“?m a.nd lsom, it was not possihle tC observe the maximum
because it certainly occurs beyond the available range of \
bonbarding energy (Fig. 43) . Nevertheless, it was possible
to extrapolate the e;Lcitation function of 13%n beyond the

maximun with the aid of the cross section value at 170 NeV

of Pappas and Alstad (Pa 61). The curve shown in Figure 26
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g exhibits a maximum which is approximately located around 100 MevV,

with a:%ossible uncertainty of : 10 MeV. The Friedlander
systematics on maxima of excitation functions would predict
a peak at 80-MeV incident energy, a value which lies just
outside the range of error bars (see Fig. 4¢6).

The general shape of the excitation functions of
independently-formed nuclides can be explained qualitatively
by invoking the same mechanism responsible for spallation
reactions. The products with lower N/Z require more energy
to be formed, the reason being that an increased number of
neutrons has to be removed. The formation cross sections
wili be low at low incident energy and will increase with
increasing energy until the formation}of those products

requiring even more energy becomes more probable, causing
.0

—

. F
a decrease in the excitation function of elements with
, -

higher N/2. For neutron-rich nuc;ié:g”%roduced in medium-

enexrgy fission, the cross sections decrease monotonically

with increasing- bombarding energy, like for example 13604

and 13%s (rr 63) ana *28%sp (Mi 73). 1In this work, no such
variation has’been observed for 1465¢ ana 15ipm.

The excita?iOn functions of cumulatively-formed

f nuclides exhibit a broad peak in the case of the most neutron-
i ;

deficient species observed like Y¢7Na (N/2=1.4500) ana

1335m (N/2=1.4677) (Figs. 17 and 22) as a result of what

" has been discussed above. Neutron—excess nuclides do not

exhibit such a feature. For instance, the exéitation function

2 i -
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FIGURE 46: 1Incident energies at which the excitation
—_— ,
functions of the fission products of 2380 reach their

maximun.
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of 11na (myz=1.5172) appears to/be almost flat within ex- "
¢

perimental un pties (Fig. 20). This behaviour is
4
strikingly differam rothat of lighter products with compa-
rable neutron-to-proton ratio, like for example 1“‘3& }

_(W}:-l.Sl?S) produced under identical conditions, whose \
formation cross section decreases sharply from 43.5 mb at | ”
20 MeV down to B.6 mb at 85 NeV (Pa 67). This comparison may

be taken as an indication of a less prominent role played

by the dispiacemnt of the post probable charge along heavy

isobaric chain; in the decrease of cumulative cross sections 1
with increasing bombarding energy. This is compatible with

the low-energy formation hypothesis of heavy pfoducts. '

~

II. HEAVY WING OF THE NASS DISTRIBUTION

—

The portion of the mass-yield curve of relevulce
" to this work has be&n shown in Figures 30 to 42. Over the
bombarding energy ranga studied, the heavy—mass peak is found\
to shift towaxds* the l:.ghter-m?ssﬁ side while the yields at
thé maximum increase mnotoniculy‘py -approximately a factor
of 2. The half-width-at—hal{f-uiux.im of this side of the
distribution undergoes a slight increase from ~ 11 to ~ 13
iaass units (see Table IX). Both variation of peak position
/ and HWHM are consistent with the onset of sfmatri.c fission
and the filling up of the valley of the total mass distribut‘ion
curve which causes a hroadenihg in the upper part of the




@ curve, Baba et aly (Ba 7)) have obtained so far the most '
.

extensive body of data pertaining to mass distribfitions in
238

the fission of U by protons of energy 13 to 55 MeV. From
a decomposition of the overall curve into three Gaussian
componants corresponding to the two wings and a symmetric
‘ compoéqt Centered on the valley based on the method of Ford
(Fo_60), these authors were able t‘:o assess the relative impor-
tance of the two modes in the final result. By integration
of yields over the theoretical Gaussian distributions,
f;hey obtained the total fission cross-sections. They
r.:onsequently observed a steep rise in total fission yield
from 0.22 to 1.45 barn between 18.2 NeV to 35.2 Mev, followed
by a \s%ower increase up to 55 MeV. A similar analysis
performed with the aid of the data of Stevenson et al. in
the 10—346\1%\7 bombarding energy range reveals a levell:.ng

off of the total fission cross section versus energy curve,

the value reached at the plateau being ~ 1.5 barn.\ This
| teSult, combinéd with the fact that the yields around mass

*130 increase conggmtly in the 20-85 MeV range, as shown here,

and also that the égntribution of the symmetric component
goes frum 0. 055 harn\\at 20 MeV to 0.43 barn at 45.1 Mev,
' according to the meth&d of /Baba et al., is consistent with
[ the decrease observed m\ higher mass yields above 50-Nev

\

! bombarding energy.
On the other ha.né.. the increase in our total chain
yields below this energy mybe attributed to the general

—
‘ '
.
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increase of the asymmetric component, before the opening of
neéw channels, among which symmetric fission is one, leading
to the depression of this mode. .Such an increase does not

appear so markedly in the data of Stevenson et al. between

20 and 50 MeV. This discrepancy seems difficult to explain
since at jigher energies, our data and theirs agree well
within expprimental uncertairft;f‘ies.

N /

I1I. CHARGE DISTRIBUTION ,

a) Construction of the charge dispersion curves

Charge dispersion curves for the mass r?g.ibn 146-(151
were con?structed by fitting Gaussian curves to the fractional
indepemnden-t yields given in Table XI. The method was based
on the assumptién\that the’dispersionrof fission yields along
isobaric chains was well repre;ented by a normal Gaussian

equation in-the form given by Wahl (Wa 62) and described

in chapter A (eqg., A.8). 1In the present case, due to a lack ;

of éharge distribution data for chains heavier than 1\\\- 1351,

it was necessary to assume also that, in the mass ran;ge\\\
covered, the most probable charge and the charge dispersiox; \
(vhich is related to the full—widtwt half-maxmm of the
charge distrxbut:.on curves) are essentnlly constant so that
the various fractional mdependent yields listed in Table XI
fall on a’un:.que curve at a g;vqn incident energy

~These yields were plot;ted versus, their neutron-to-

%_mton ratios of the various nuc'iides to which théy correspond

9
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and computer fitted by a least-squares procedure identical to
that utilized in the fitting of the heavy wing of the mass‘/
distribution (see preceding chapter). An additional constraint
was also added: the fractional cumulative yields of l‘SCe, lwnd,
and 151Nd determined by summation on the theoretical charge-
dispersion curves by determining thg yields at the appropriate

N/% of the isobaric chains wer¢ required to agree with the ex-

perimentally-determined.values. Friedlander et al. (Fr 63)

have shown that this requirement provides a means of determining
rather accurately the width of the distributions. 1In our

study, we have limited our choice of cumulative yields to

those of nuclides beloﬁging to the mass range of the inde-
pendently-formed nuclides investigated here. The use of the
cumulative data for heay/ier masses reported in this thesis
might introduce distor /ions in the determination of ZP and

full-width at half-maximum, since the variation of both

" quantities with the ss of the fission chain is not known.

The charge distribution curves thus determined 5m

* shown on Figures 47 to 59 inclusively.

/

The parameters of importance associated with the

/
charge distribution curves e, as already mentioned, the

‘ position of tiae peak, expressed as N/z or Z, of a /q/ iven

mass chain an& the width of the curves, wlu.;h%ves a measure
of the charge d:.spers:mn along /e/isobanc chain and from e
which one can derive, at least qualit.at:.vely. information
regarding the energet:.c aspect of specific xqass divisions



,
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/
occurring during the fission process. These parameters are

displayed in Tgble XII in units of N/Z2 and 2. In the case of
the péak position, the data have been also expreésed in terms
of ;the displacement of the most i:robable charge, 2p. with
respect to the line of B8-stability. The most probable mass

AP was chosen as tha‘t of the Promethium isotope closest to /

the peak and the corrésponding most stable charge, Z,. has

‘been taken from Coryvell (Co 53). . N

The error bars on N/ZP and the full-width at half-
maximum have been calculated at 20, 50 and 85 MeV by generating
for each of these incident energies a set of charge distri-
bution curves obtained by successively taking the minimum
and the maximum of one of the independent yields involved,
while keeping the other egqual to the values quoted in Table XI.
In the least-sguares—-fit procedure used, these independent
yielas were equally wei;hted, whereas they were veighte/d by
the inverse of their standard deviations in the original
calculatit;n of the charge dispersio}x parameters. The deviation
on N/L, and FWEM was found to be essen{iﬁly -;:he same at the
three energies above mentioned, : 0.08 an\d 0.10 2 unit /
respect:.vely. 'rhe total amplitude of these u\ndertamties
is shown on Figures 60a and 60b and has been assumed to be ’
valid over the whole bombarding energy range. )
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TABLE. XIl: Parameters of charge dis‘persion curves
Full-width at
____Peak position hal f-maxi um
B, (ev) N/Z; A% z‘,\lb 2,-%, N/Z % xC
20 1,517 153.5 63]65 2.635 0;044 1.06 1.412
25 1.515 153.4 63.61 2.61 0.044 1.06 1.427
30 1.517 153.5 63.65 2.65 0.047 1.13 1.587
35 1,312 153.2 63.54 2.54 0.0iG 1.12 1.536
40 . 1.507 152.9 63.43 2.43 0.048 1.16 1.068
45 1.4%8 152.4 63.25 2.25 0.046 l1.12 1.280
50 1.498 152.4 63.25° 2.25 0.051 1.25 1.286
535 1.500 152.5 63.29 2.29 8.051 }.25 1.283
60 1.498 152.4 63.25 2.25- 0.053\ 1.30 1.186
65 1.500 152.5 63.29 2.29 0.057 1.40 1.248
70 1.498 152.3 63.22 2.52 0.061 l.SOﬁ 1.151
77 1.496 152.2 63.18 2.18  0.063 1.55 1.098
. -85 1.492 152.0 63.11 2.11 0.0é5° 1.53 1.677
a= calculat'ed from Promethium isotopic distribution
b= frc;m Coryell {Co 53) *
c = fit parameter: y = VQW‘(O-C) 2/ {NO-NV) / )
W= statistical weight NO = number o obsemtionsj

O \= observed value NV = number of variables

C = calculated value
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Charge distribution in the fission of

FIGURE 47:
by protons of energy 20 NeV.

A = 146-151
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FIGURE 48: Charge distribution in the fission of 2380

by protons of energy 25 MeV.

A = 146-151
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238

FIGURE 49: (::harge distribution in the fission of U

by protons of energy 30 MeV.

A = 146-151
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FIGURE 50: Charge distribution in the fission of 238‘0
by protons of energy 35 Mev. : .
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FIGURE 51: Charge distribution in the fission of 239y /

by protons of energy 40 NeV.
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FIGURE 53: Charge dls
by protons of enérgy 50 MeV.
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FIGURE 54: } Charge distribution in the fission of 23°p

by protons of energy 55 MNeV.
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FIGURE 55: Charge distribution in the fission of >>%p

by protons of eﬂérgy 60 MeV. e
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FIGURE 56:

by protons of energy 65 MeV.
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FIGURE 57: Charge distribution in the fission o

by protons of energy 70 MeV.
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- FIGURE 58: Charge distribution in the fission of 2380

by .protons of energy 77 MeV.
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PIGURE 59: Charge distribution in the fission of

*

by protons of energy 85 MeV.
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b) Charge diégersioh parameters and their correlatfong

i) T Most probable charge as a function of incident

enerqy
The shift of 2y towards the stability line with

increasing proton energy is clearly seen, as illustrated in
Figure 60b, and éhis trend agrees at least gualitatively
E . well with those already noticed by other workers in neighbouring

mass regions (Da 33, Pa 67, Di 74). \Ilowe'ver, our data differ j

significantly from those obtained. in lighter heavy-mass chains,
in that Z, varies with a smaller rate of ge (0.54 Z units
‘ l

in the 20-85 MeV range, as compared to 0.83 Z unit for mass

130 (Di 74),71.142 unit for mass 136 (Da 63) and 1.62 Z unit
for mass 141 (Pa 67)). Secondly, in the mass region 146-151, .

zp, within experimental error, varies linearly over the
N vtl'avole bombarding energy range, whereas in the case of the
three chains above men ioned,l the rate of movement of Zp is
seen to diminish yo/b 50 MeV (Pig. 60b). This discontinuity
in the (ZA-KZP) versus bombarding energy curve has generilly
been attributed to the onset of the direct interact;.on
- né#hanism which allows the formation of fissioning species / /
with higher N/2 and/o;: the fact that, with increasing bombarding
- energy, the fraction of incident energir which remains as
deposition energy in ‘the fissioning nucleus decreases.
The linear decrease of (ZA-ZP) rfox IK = 146-151 sug- ’

gests as a first approximation that t/he same mechanism is

s T \ ]



a) Variation of the fuil—vidth-at—half-naxim wi
incident energy: ' '

A= 96 Khan ettal. (xh 70j7

-

A = 136 Davies and Yaffe (Da 63)‘ o

| A = 152 This work / oL
4 ;
, \ o
b) Displacement of the most probable charge with
B increasing bombarding energy
A =96 Khan et al. (Kb 70)7 ¢
A = 136 Davies and Yaffe (pa 63)% j
A = 152 This work - by

'

th
/
\‘/

+ = normalized values shown in Table A~-I J-

4= mfmlized values shown in Table A-IX
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. .
responsible for the production of these mass chains in the

20-85 MeV energy rande. On the other hand, the fissioping
species fr&m which the products studied originate should
carry less excitation energy than those giving rise to less
asymmetric mass splits, so that the primary fragments will %
emit fewer neutrons. This is incompatible with the assumption
of a unique mec?anism, namely a compound nucleus process in
the present energy range. On the contrary, it would appear
that very asymmetric mass divisions such as those encountered
in the present work would be the result of well defined low~
energy-deposition events arising from a compound-nucleus
mechanism #£ low bombarding energies and d;rect interaction
reactions above 50 MeV. This is consisten£ with the ob?efvgd
decrease in total chain yields above » 50 MeV which has been
pointed out in the precmcdiqg ;ection.

This proposition ‘eems éo be in contradiction with
predictions made on the basis of the data obtained in the
light-ﬁass region of f£ission products. Foxr A 96, the

‘msasurements which have besn carried out on 2380 and 235v

(kh_70), 2*30 (ma_73), and 272m (mc 72) show that z, is
nlnosilindependent of both the incident energy and the

nature of the t;:get, thus sugé;nﬁing that the variations
introduced by these twd factors are absorbed by the hsavy
complomcnt;:y fission fragment. 6 It should be ngted howsver
that the complementary mass region is centered around A,~y140

and that, consequently, the heavier products investigated in
/ \A \

/
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T
this work do not exhibit an identical behaviour. It would ap-

pear that, within a few mass units (v 6 A units)‘, the mecha-
niem of production becomes more selective as far as excita-
tion energy is concerned.
The dual energetic aspect of fission has been cleyﬂg
¥

demonstrated at higher energy. 1In mass regions below A = 140,

the charge dispersion studies of Friedlander et al. (Fr 63) on

cesium isotopic distributions up to 2.9 GeV, Yu et al. (Yu 73a)

on xenon isotopic distribution at 11.5 GeV, Yu and Porile

(Yu 73b) for mass chain A = 131 at the same energy have revealed
the dxistence of double~humped charge dispersion curves. The

neutron-excess species appeared to have all the characteristics
J

of low-deposition energy fission products, whereas the neutron-

deficient products have been attributed to events with higher

deposition energies, possibly different from binary fission,

such as deep spallation. The extension of these studies
fat]

to higher masses by Chu et al. (Ch 71) at 11.5 Ge!V and

Bachmann (B3 70) at 28 GeV has shown that the /charge dispersion

curves change from a double hump w?th a shallow valley in
between (peak-to-valley ratio~ 2)'at A « 1‘51 to a distinct
nparation o0f the two maxima (peak-to-valley ratio v 8) at

A s 147 and to a single peak Bn the neutron—deficient side

at A ¢« 170. This very meortgné result vas to confirm the
previoué conclusion that different mechaniims predominate in
high-energy ﬂ.uion and also that thau mechanisms become
increasingly separable wu:h incrcuinq uymétry ét the prodess.

4
/
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Our data indicate that this conclusion may be extended to /

the mediﬁm—energy range, where the .only peak observed ap-

pears to be more stationary than for lighter heavy products.
Regoil studies have strengthened this conclusion

at Wigh energy. The ranges of neutron-deficient nuclides

decrease by approximately a factor of 2 compared to their

values at lower energies, while those of neutron-excess

nuclides remain essentially independent of bombarding energy

™~ =,
(Al 63), Su 56, Be 71). The change in range between these

two classes of nuclides ocgurs rather sharply over ~ 2 cha:ge%ﬂ%gg
units on the neutron-deficient side of stability (Br 65).

This relative range behaviour was used by Starzyk and

Sugarman (St 73) to decompose isobaric charge dispersion
curves into three individual charge~dispersion components
corresponding to two fission mechanisms (one at low energy and

one at high‘energy) and a non-£fission process tentatively

. asiigﬁid to a spallation-like mechanism. The introduction of

the high-energy component of fission was rendered necessary

by the fact that the midpoint of the sharp drop in ranges
versus ‘2A72) of the correséondi?g p:oducés occurs ~ 2 2 nqits-
higher than the minimum in’the double~humped charge dispersion
curves. The relative contributions of the two fission modes

to the overall isobaric yields, as calculated by Starzyk and

Sugarman at 11.5 Gev, reveal a sharp decrease of the low-
energy contribution between mass 131 and mass 147, thc estimated
values being 701 and 35% rgppoctivaly. This. ttsult 1& compati-~

—

o

SRS
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ble witlh outr previous conclusion. The increase in bombarding
energy, which causes a shift of the energy spectrum of )
residual cascade nuclei towards higher values, therefore
depletes the probability of occurrence of low-energy b
deposition events and consequently the production of the L
heavief’ neutron-excess products. One should"inof;e_ hovever - .
that neutron~éxcgss products of masses around A A~ 131, vwhich °
are also the result of uymet;ic events and as\ such are _ -
generally associated with "low-energy fission” are less af~-
fected in their production by an increase in bombarding

energy than their héavier homologues. / This is an indication
that the term "low-energy fission” has to be taken in a *

/
broad sense as meaning fission consecutive to enexgy L

r

depo;ition events leading to excitation energies substantial- [
ly lower than the incident energy, but not necessarily low |
in an absolute sense.

. A v * , ‘
. )

i;.i.) N/2, as a function of mass —~ ~t

The variation of N/Z, versus the mass number of the
fission cl'lains— is shown in Pigure 61 at 30, 50, and 85 Mev. ‘ :
T;n curves have been constructed with the help of the results

of Sarkar (Sa 75), Miller and Yaffe (Mi 73), DikEif et al.
(Di 74), and the normalized values displayed in Tables A-I

to A-III, in ad8ition to our own data. At these three energies,
the curves exhibit essentially the same features, i.e. a
gxa/d(alkl\pcrun i N/Zp, between A= 96 and A/ ~ 127, '£0110wed
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PIGURE 6l: variation of u/zp with mass of the fission
; <chain at 30, 50,‘ and 85-MeV incident energy.
i {
- A Khan et al. (Kh 70)f
’ o0 Sarkar (8a’75)
| Miller and Yaffe (Mi 75) / h |
v pDikEif et al (DL 74)
: )
& Davies and Yaffe (Da 63)1'
O Parikh et al. (pPa 67)7
: ® This work ,
, , N ) . ‘ . ‘ |
. ~ _ ™~ |
) 4+ = normalized values (Appendix A) L, \
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by a sharp rise up to mass 133. Beyond that point, a slow

decrease takes place, with possiﬁly a l_eveling-off of the

curves for masses higher than A = 141. !

The last part of ‘the curves is certainly the most

f
interesting aspect of the variation of N/ZP. The decrease of

u/zp with mass suggests, as a first approximation, that the

average deposition energy increases with increasing asym-~

metry. This conclusion is contrary to those pteviausly

derived. However, this is not incompatible /with fission acts

=% " taking place after the compound or cascade nucleus has

mporate? a substantial number of neutrons. The decrease in

u/zl, beyond A = 133, for a given incident energy, would there~
| f

fore reflect the evaporation of pre-finioxi neutrons rather,

than the emission ‘Oof neutrons from highly excited fragmen'fl

. A similar remark has been made by Hagebg et al. (Ha 64)

in their study of charge distribution in the light~fragment
238
0

region (A = 64-98) of the fission products of

170-MeV protons. The low N/1, values, together with the low

width of the charge distribution encountered in this mass

region led these authors to the conclusion that these results -

could be attributed either to very high and well defined

energy depositions, i.e. the observed nuclides originate from

- & narrow spectrum of fissioning nuclei, followed by fission

acts which are much faster than those ocurring in thermal and

low-energy induced fission, or to a late fission act which
takes place at some intermediate stage of the evaporation
/ ]
. . chain which follows the primary nucleonic cascade. Hagebg

. s /
{ : -
I /o, ‘ is
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S > \
et al. (Ha 64) make also the additional assumption that in

the latter' case, the lighter fragments should carry an exci-
tation energj; higher than that received \’by the heavy comple-
mentaxry fragmex;t in order to explain the low bl/zP values

obtaizqed in the A = 64-76 mass region and inversely the high

’ H/Z, observed in the complementary mass region.

i44) variation of the full-width at half maximum

The f/arious valﬁes of FWHM reported in this work

are plotted in Pigure 60a, along with those for mass A = 96

and A = 136 given in Appendix A. An increasing PWHM with
incident energy trend is /z/spparent p althollgh the standard
deviations of these values are sufficiently large to make
some arguments possible for a constant FWHM-versus-energy
relationship. The charge dispersion at all energies alppearl )
to be much narrower than the values obtained for lighter /
mass chains, like -for example foi: mass 136 where the PWHM
varies from 1.88 Z at 20 MeV'to 2.56 Z at 85 MeV (Da 63).

This trend of decreasing FWHM with increasing mass number of

the isobaric chain for a given incident eneréy had already been
pointed out by Parikh et al. (Pa 67). *A similar observation

has alsc been made by Pappas and Alstad (Pa 61) for fission
|
products of mass greater than A = 140 produced in the fission

o 238y hy protons of energy 170 MeV. The latter found
that only a narrower. curve with a width of 2.2 charge units

is compatible with their data as compared to 2.8 Z units iﬂ/ the

¥
i ’
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100 <A < 140 mass range. This finding received further sup-
port from the fact that this curve fits also the charée
distributions observed for light mass products (A = 64198)

vering the complementary mass region (Ha 64). FKhan et al.

(Kh 70 ovever report'much larger FPWHM in the 20-85 MeV
range for isobaric ¢ A = 90-92 (FWHM = 3.14-3.06 Z units).
The variation of FWHM as a function 8 at three imjident

energies is shown on Pigqure 62. The values have been taken
f.x:oﬁ the results published by the McGill team. In some
instances, the cha;ge disp?ersion curves' have been redrawn

by subjecting the independent yyem to a treatment similar
to that described in section I of this chaptex., The results
are given in Appen(l’ix A.

/ From Figure 60, it is evident that FWEM of charge
dispersion cérves are dependent upon mass, their maximum
being located around mass 132, Pate et al. (Pa 58) -have '
attributgd the variation of widths with incident energy to

the competition between néutron evaporation and ﬁ.uién
competing at each step of the de-excitation chain, the

~ widening being due to the Maxwellian distribution of neutrons
evaporated from the excited fragments. Holub and Yaffe (Ho 73)
have invoked the notion of an elementary charge distribution
as that arising from the fission of only one kind of nucleus.
As multichance fission occurs at moderate energies, the b
-resulting charge dispersion curves would then be a sum of the

elementary charge dispersions, an extreme case being that of
/ a v

/

MO, e B




FIGURE 62: Variation of the full-width-~at-half-maximum

- r

as a function of mass at 30, 50 and 85 MeV incident energy:

A Ehan et al (xh 70)F

O Sarkar {(Sa 75)

® Miller and Yaffe (Mi 73) >

¥ DikBi€ et al. (Di 74) | |
! . @ pavies and Yaffe (pa 63)%

. D Parikh et al. (Pa 67)* ) > /
. A ' .| @ This work o /

a0l ) . ) - v ., '/va . R
! noo o .

t = normalized values (Appendix A) . . .
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the doubl‘e-h_tmped charge distribution cutve; reported at high
energies. //

Such an argument might also be useful to explain
the variation of PWHM with mass. The lqw widths observed |
for products beyond A = 140 would then be caused by a narrow
spectrum of fissioning nuclei. The peak at mass 132 seems
then @ifficult to explain since the directing influen’cfz of
thu 82-neutron shell in the nucleus is believed to be

particularly felt in this mass region. ~~ .

IV. CALCULATION OF THE TOTAL NUMBER OF NEUTRONS EMITTED

J

From the observation of the variation of Z, of the /

products formed in 232

energies ranging from 20 'to 57 MeV, McHugh and Michel (Mc 68)

\
_ have concluded that this quantity parallels Z,, at a given

"energy, in the region of heavy~mass chains (A = 126 to A = 150). L |

Théy have consequently proposed a method relating the rate

of change in neutron emission with excitation energy, to the
réte of change of Z,, by which ome can doiiv; the total

number of postf-iissioﬁ neutrons emitted du;:ing the fission

act leading to the observed products. This treatment is
summarized as follows. Th? rate of dhange\of Zp is expressed by:

(025/18) 5 = = (92/28 5 (33/38) (.1)




with:  (a/3E), = -(3v/3E), (E.2)
P P '
then: | (,av/az)zp = (32,/9B),/(32,/83) 5 (E.3)
/ . with: (32573R)p = (32,/3R)p | ’ (E.4).

|

as mentioned above.

—

‘ In one instance, the variation of Zp as 2 functio'n

‘ - of mass has been directly evaluated from isobaric distr}bution

s studies (Di 74) in the mass ra\mgel 131-135. This variation
was found to be linear with incréasing mass numbe;: over the
bombarding energy range used in this work, wif:h a slope of

! 6.38 £ 0.02. This value was subseguently used in the esti-

mationl of (3vh/aE) ZP R

/ (92,/3E) p: was obtained by linear-least~squares fit
of our Z, data normalized to mass A = 152. The excitation
o . ‘

cnergieé of the average fissioning nuclei have been calgulatod

by Dikki€ et al. (Di 74) using the Vegas STEPNO éode {(Ch 68)

toi_.}owed by Monte Carlo aevaporation‘ (Do 58, Do 59) for the

same target nucleus, from 30 to 85 MeV bombarding energy.
Intermediate values of <B*> have been estimated by inter-
polation. This would yield a value of (32,/9), = 0.0208 Mev™ .
This result is substantially lower than the value of 0,027

»ev™l found in the A'= 131-135 mass region (Di 74) and 0.048
nev'l in the A = 111-117 mass region (8a 75). mn:ﬁ,sf.act:r:n::,rg agree-
ment is obtained with the value of 0.0195 :c§ort¢d by ﬁctl_m_? way

(e 74 ) from a compilation of data in the region of mass

“A =~ 148~160, for excitation cxurgin’up to 21.5 eV and

1
i
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ﬁuioning nuclei wbosf mass ranges f.rom 233 to 254. This -

fact shows, . in particular, that the charge behaviour of fis~

sion products in the region of‘A &~ 150 seems to be independent

of the nature of the target in the low and medium excitation
energy range. The number of postfission neutrons has bun
calculated with the auumption that: » ] /

3Vp/3E = 3v,/3E + 3v,/IE | 2.

where h and 1 refer to heavy and light fragments respectively

-

and -;l = 2. The latter usunptior/ is /suppo:ud by the results
of Cheifetz et al. (Ch 70) who report an experimntally

measured vh/vl ratio of 2.2 for the mass split 1.5 in the

‘lss-uev'proton-induced fisgion of 2380;' Bishop et al. (Bi 70)

have re;Zor)ced vh/\; ratios from 1.12 to 1.34 for similar mass
splits in the same system in the 11.5 MeV~22 MeV proton energy
region, with an increasing v /v ratio with energy t/rend, The
value chosen in our case therefore appears reas nable. &

The total number of neutrons thus es i:patcd by ad-

d4ing to the post £fission neutron the prefission neutrons

l(c‘alcade /'neutrons Ve and evaporated neutrons v,) calculated

with the aid of the codes previously mentioned (Di 74). Our . ’
results are displayed in Table XIII, along with those of .
DixBié et al. (Di 74) for A = 131-135 and Sarkar (Sa 75) for

A = 111~-117. It appears that an increase in the asymmetry
translates into a decrease in the total number of neutrons .
emitted. This result was already predictable from the slower

L , o /
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TABLE XIII: Total number of nou;tronl emitted in the asym-

metric fission of 238y '
| .
£ (MeV) 30 40 50 60 70 85
2 \ q
. <E*> (MaV) 26.7 32,1 Js.‘s 43.4  45.4 539
o i !
v, 0,29 0.45 0.59 ~ 0.61 0.94 0.81
‘ Y g1 \
Pyg 1,12 1.63  2.16 2.60 3.09 3.63
. L4 ' "Ir " ,
Gv ! ! « ’

P IS

, ’/'/Dzéz, (vy/¥y92) D19 2,64 - 2,96  3.56  3.73  4.43

RN

Sup AWIS2 260 4.7z 5.69 6,77 7.56 8w

4

. ' L
®  ae131-135 426 5,50 6.56 7,93, 8.6 10.19

/ S
: , 5 I
- < ]
S f 1214217 290 s.10 . 6,709 8,20 9.60
s = prefission casoads neutrons |
b = prefission evaporated neutrons R
, 8 = post-Lfission neutrons - o \

4 = total number of neutrons

o = after Dikbié , (DL 74} ‘

£ = afver garker (8a 75)
1'],'55“‘?; <EY> = 39,6 NoV ” o

, ;
.
f /
.
,
,
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rate of change of 2, with increasing bombarding [oncz_.:gy and is
in accord with the hypothesis of highly asymmetric mass splits
as being induced by low-dsposition energy cascades. xow&vg:,
the exactness of this calculation might be questioned also on

. the basis of this unﬁ /hygothosia, that' is the average sexci-
tation energies used in the calculation of the number of post~ |
fission neutrons might not be representative of the average
fissioning nuclei leading to the products obssrved in this
work. In any case, thin calculation will uiult in an over~

/ estimation of the number of emitted neutrons, a fact which does
not modify the conclusions drawn from the observed variation ,

of I, versus incident cm:éy. )

o




Jumﬂmus FOR FUTURE WORK ‘ /

*J y An obvious continuattonoot this work would consist
—4in the investigation of the complementary mass region, where

thorough charge di-pcrlio'n studies, in the energy z;anqo used

in this dissertation, remain to be dq‘na. Such studies

w/auld involve the isolation of slements like GalZium, Ger~
manium, and Arsenic, where half-lives suitable for a radio~
chenical method can be found ./

A ucond approach might consist in ptrforninq thick
target~thick catcher recoil studiu on the same nuclides .
investigated in this work. This would enable the estimation
of the excitation energies of the precursors of the fis~
lioni:;g nuclei leading to the production of heavy fragments,
Buch a method might, in principle, answer the guestion as to
which of the two mechanisms invoked in Section IlI-2 of the .
Discussion predominates in highly asymmetric mass divisions

induced at medium energy, However, recoil studies in this

\ snezrgy rangs might prove to be a rather delicate problenm

\lifm the differences in sxcitation energiss involved in the
production of measurable amounts of independently-formed
nuclides are necessafily small and the overall rangs of
possible excitation energies 'm::ow, as compared to fission
at Mgh energies, a situation +o vhifh the method has, so far,

almost exclusively bun ap;lud.
/
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SUMMARY AND

- ' CONTRIBUTION 70 KNOWLEDGE a

The indepsndent .'.omtion cron nctions of
l‘amrm and 3%, and the cumilative formation cross sections
of -1469‘, 1461,1:, “7)34, l“ud, 1499”, 15].“' 1511,”’ 1”8:1,
u'ssm, 156”' and 15:24: produced in the fission of 23‘0 by

p:oto/m of enexrgy 20-85 MeV have bun measursd tad&och’micu-

1ly. The independent cross uctians of “69: ,» 149 P:n, and lum /

have bsen estimated from the cumulative yields. -Excitation
functions were constructed and the cncrg}' at which their
maxina was reached was observed to decreass with proton
ensrgy when compared to increasing nou\tron-to-protan ntio‘
ot the products. i y | /

The charga distribution curves in the rogion
A = 146-151 of the products of the fission of 238, by protons
of energy 20~85 MeV have bsen 49temincd. The most prgpablc
charge deduced shovs an energy dependence qualitatively

similar to that observed for neighbouring lower masses, i.e.

a displacement towards stability with increasing incident

snergy. Howaver, it has besn shown clearly that thig dig~
placement 4is less pronoz{nccd than 4in the A » 120~136 nass
region., 7The full-widths at half-maximum are nnfrowcr (thm
thoss reportsd for ught;or Zission chains. These two features

appear to bs compatible with the hypothui{ of an increasing

;ﬁmtry of mass division as-being favoured by either low-

\\
A !

»”
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energy deposition events due to direct interaction, or 15»9
pre-fission-nautroﬁ-ovaporation chains. Iﬁ the second case, '
it becones n;cclsary to assume that the complementary light
fragnents carry more excitation snergy than they should on
the basis of a uniform distribution, in order to explain

the high (Z2,-2,) values observed in the mass region inves~
/

tigated in this work.
The. incident energies corresponding to the peak of
the excitation functions of independently~-formed 145?:, lsorm,’ !

and~151?m have been found to be in good agreement with the

/ {

systematics proposed in order to correleate similar guantities
for heavy producte of lower mass. ‘

The cumulativ§ formation cross sections of 11
nuclides ranging in mass from A = 146~157 have been used,
along witﬁ/the information derived from chaf%e diatribution,
to estimate total chain yields. These have proved useful in
providing a better definition of the heavy side of the mass~
iltld curve resulting from the fis;ion of 238U in the 20-85 MaV

range of bombarding energy. The behaviour of this portion ;

of the mass distribution with incxeanipg incident‘encrgy,
i,e, a decrease in total chain yields besyond 50-deV incident
ensrgy accompaﬂlod by a shift of the most,é%obablc mass
towards lowox'vald-s,ﬁhaa alsc besen found to be compatible
with the hypothcnis invoked in thc preceding paragraph.
"The cltimatod totai numbcx of neutzons qﬁittod in
the asymmetric mode of fillion is lowser than in less asym~




|
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o 'metric processes , when the bm ca}culation p:océdure is

™
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[

“used. This migh,it also indlflcate that highly asymmetrié mass
divisions originate from .‘.Jruion events taking place in
sxcited nuclei carrying lcf‘;l enexgy than those leading to

processes less removed tro;n symtty ‘
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APPENDIX A:

\ | / l
Results for charge dispersion in mass chains 96,
136 and 141 are presented in Tables AL to AIII respectively. o -
The cross sections have been taken from the work of Davies -
and Yaffe (Da_63), Khan, Saha and yaffe (Kb 70) .74 Parikh,
Marsden, Porile and Yaffe (Pa 67). The normalization
procedure was i&ntiél to that used in section E. The

charge distribution curves were fitted to Gaussians wiﬁa the
help of the ORGLS program. The primary charge dﬁpcuion
parampeters were used to calculate the most probable charge

and the full~width at half-maximum corresponding to the most
probable isctope at the peak of eaéh distribution. The results
/dis\?i./wod here have l;ecn normalized to the masses above
nmentioned.,
£it paramster with the same definition as given in ssction D.

The last column in-.the tables corresponds to a

i
The normalized values have served for intercomparison between
charge dispersion data belonging to various £fission chains, as
described in the discussion section.

 »
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TABLE AI: Charge dispersion data for A = 96 (Xh 70)

(nom}izs&) I
- /
//
, Full-width at
/ Peak position * half-maximun —
E, (MeV)  1/2 Z, Z,~2p W/ % X
20 1,460 39.03  3.14 0.176 2.80 0.777
’ 7 /
30 1,463  38.90  3.27 0.159  2.51  0.465 )
40 1.458 39,06  3.11 0.150 2.38  0.384
50 1462  39.00 - 3.17 0.156  2.47  0.406
/
| ‘
60 1.453 39,14 3,03 0.141 @.25 0.397
;o / \/ ' ‘
70 1.454  39.11  ®3.06 - 0.154  2.45 . 0.380
77 1453  39.10 -3.07 0.154  2:46  0.308
_ , ) I/
85  1.454  39.11  3.06 0.157 2,50  0.386
K T !
’x = a8 defined in section D
| . 2
4 : /
A ! .
” / _ )
200 ) / \
1/ ’ é; ( ; | N
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TABLE AIL: Charge dispersion data for A = 136 (Da 63)

(normalized} .
<“ .
|
Pull~width at
Peak position half-maxi:_num —
£, (MeV)  N/2 Z 2,1 Nz 2 X
/,
20  1.549  53.35 2,65 0.090 1.88  0.619
30 1.526  53.84  2.16 0.092 1.96  1.067
| VR o /
\ 50 1.509  S54.21  1.79 0.098 2.12 1,047
/ ‘ ! :
65 1.505  54.290 1,71 0,202  2.21 1.4
80 1.496  54.49 ‘1.51 0.117  2.5¢  ¥,092.
i : /
\ - -
* / ’ L .
/ X = as defined 4in section D "

Y

h
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TABLE AIII: Charge dispersion data for A = 141 (Pa 67)

(normalized) ! j
/
PFull~-yidth at
; Peak position half-maximum .
E,(MeV) N/3 Zp A-7p N/2 z X
20 1.524 55,86 2.97 0.070 1.55 0.366 hY
30 1.509  56.20  2.63 0,061 1,37  0.456
) /
40  1.499 56.42 2.41 0.055 1.24  0.724
S0 1.498 56.45 2,38 0,057 1,290  1.134
. /o .
60 1.493 56,56 2.27 0.058 1.32  0.622
70  1.488 56.67 2.16 0,064 1446  0.732
‘77, 1.483 56,79 2,04 0.072 1.6%  1.882
85 1.479 1,95 0.071 1.63 0,807

3

56.88

X

*x = as dsfined in section D




AL 71
Al 63;

Am 68a;

Am 68bs

Am 741
/

A 693

Ax 64
Axr 70
Bk 705

Ba 711

Be 59
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