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1 ABSTRACT - -
L . ¢
Ph.D, i Philip A. Beeley ) Chemistry

Isotopic Yield Distributions of Products

Formed from the Fission of 233y ana 235~
v/
by Protons of Energy 40-100 MeV L ;
The independent formation cross-sections of 84'86Rb,~

132,134m, 134m+g,136 233

Cs from U(p,£f)

lle,ll?m,ll?gIn and
. 14

235U(p,f) reactions, and the independent formation cross-

72 233

and

sections of Ga from U(p,f) reactions were measured radio-

chemically in the energy range 35 to 90 MeV. The isotopic

233U(p,f) and 235

233

distributions of Rb, In, and Cs from U(p,f),

and the isotopic distributions of Ga from U(p,f) were

measured in the energy range 40 to 100 MeV using the on-line
mass spe;%rometric technique; their relativelyields were
normaliied to the independent formation cross-sections measured
radiochemically.

The variations of the FWHM, mean mass numbers, and mean

neutron-to-proton ratios of the isotopic distributions were

ﬁ‘ﬂ

studied. The experimental results indicate that the mean
masses of the distributions vary linearly with the;r atomic
numbers. In conjunction with the fission option of the pre-
equilibrium/exciton model, the gxperimental data were iused to

estimate average total neutron yields. The results show that

there are more neutrons emitted for near—symmetr%c fissions

-

than for asymmetricnfissions. The charge distribution




“'ii - ¢ ™,
. e
(;i postulates, ECD, MPE, and UCD, were examined. In the energy

range studlethhe results 1ndlca e that the MPE postulate

at

accounts for asymmetrlc f1351ons, and the UCD postulate accounts

-
»
4 '

for near-symmetrlc fissions. ‘
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Distributions de eQdement isotopique des produits

233 235

formés 1ors de la fL551on de U et U induite %

par des protons a' Jnergle allant de 40 a 100 MeV \
|

’ 4 . s ‘
Nous avons mesure, par des methodes radiochimiques, les

sections efficaces de formation indépendantes de 84'86Rb,

116m,117m,117gIn ot 132,134m,l34m+g,136Cs provenant des réac-

tions 3U(p,f):et 235U(p.f) ainsi que les sections efficaces

de fogmation indépendantes de 72Ga provenant des réactions

233U(p,f) dans 1'intervalle d'énergie de 35 a 90 MeV. Nous

- ’ : P . s
avons mesure, a 1l'aide de la technique de spectrometre de

masse -en ligne, les distributions isotopiques de Rb,In gt Cs -

provenant de 233U(p f). et 235U(p £) ann51 que les dlstrlbutlons

\\

1sotop1ques de Ga provenant de 233U(p £) dans 1° 1ntervayle )
kd'énergie entre 40 et 100 MeV; leurs rendements relatifs\ont
été normalisés aux sections efficaces|de formation indép%n-—

4 : ! . o
dantes determinees par les mesures radiochimiques.

Nous avons étudié les variations de largeur a mi-hauteur,
~de nombres de masse moyens et de rapp#rts neutron ia prdtob
. . . . . ’ ! P

oyens des distributions isotopiques. | Les resultats expérimen-

taux indiquent que les masses moyennes| des distributions varient

AR
AN Y . e
lilneairemerlt avec leurs numeros atomighes. Nous avons utilise

a la fois 1les resultats experlmentaux t l'option de fission du

\m.‘éle "pre*eq ilibre/exciton" a fin d'estlmer le nombre total

-
”



. moyen de neutrons emis. Les résultats montrent dque plus de_
neutrons sont emis lors nde fissions-presque symétriqués ’qure
pourydes fissiopns assymétriques. .Nous avons testé les
postulats de distribution de ?:harge ECD, MPE et UCD. Dans

- l'intervalle d’énergie utilisé, les résultats indiquent que
le postulat‘ MPE rend compte des ;Eissions assymétriques tandis
que le postulat UCD rend compte des fissions p}:esque

&

L4 .
symetriques. ! .
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A. General

During the pas;}four decades a“éggat deal of experimental
and theoretical work has been dcney&ou;%aracterize”the nuclear
phehomenon termed fi;sion. Consequently, there exists an
enormous 1iteratur§ cﬁvering the great varjiety of work in
this area. Authoritative books by Hyde (Hy71l) and Vanden-
llbosch and Huizenga (Va73) have described the works covering
the first three deca@es. In addition the proceedings of the
IAEA Symposia on the Physics and Chemistry of Fission (Sa65,
Vié9, Ro73, Ju79) provide a vast amount of information on
the subject. Specialized reviews, such as (Ho74) and (G;36)
continue” to convekj&he present understanding.

Over the pasE‘fifteen years a-better undérstanding of .

~

the dynamics of fission has resulted from advances in the
technologies of detectors; fast electronics and computers.
In part stimulated by new experimental results, fission
theory has received new emphasis resulting in numero;s
corrections to the liquid-drop model of the nucieus first
formulated by Bohr and Wheeler (Bo39). The initial theoret- .
ical igjpetus was provided by Strutinsky (St67,68) who . \
developed a method of correcting 1iquid-dropapotpntials, wi!P S0
contfibuéions to the nuclear-potential surface, from shell- ‘ |
model - theory. These corrections lead to the predictions of

a double-humped fission barrier in the region of the actin-

ide nuclei. Extensions of this idea by others (Mu73, Mo74)

» !
'
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have provided interpretations of phenomena which were K
previously difficult to explain, such as mass asymmetry in
the low—eneégy fission of some actinide nuclei. The correc-
tions made to the liquid-drop model to allow for the fact
éhat nuclei contain rather fewer particles by comparison with

8

a macroscopic liquid-drop lead to éhg formulation of the .
droplet model by Myers and Swiatecki (My70), the most recent
refinement being due to Myers (My77).

Complementary advances iﬁ the complexity of experiments
have resulted in correlated measurements of the mass, kinetic
energies, and neutron myltiplicities of fission fragments.
These measurements provide the data from which a better
undefstanding of the dynamic processes in fission is being
gained. The development of on-line mass spectrometry is also

providing information on isotopic-yield distributions of

fission products that will hopefully supplement an under-

standing of thé fission process. No understanding of the

dynamics of fission can be complete without a knoﬁiédgs\if

. .the distribution of nuclear charge. Although no theory °.

exists which sq}tably explains nuclear charge distribution
in fission, three hypotheses, which will be discussed later,

have been used with varying degrees of success.

’

-

B. The Fission Process

The majority of heavy nuclei in their ground-state do not

g - - v .= b . P Y RN S




undergo spontaneous fission. This is because energy is
needed to deform a nucleus from its ground-state shape; there
15 a potential barrier to be overcome before the nucleus can
reach the more st?ble configuration’of two separate fragments.
When heavy nuclei are excited by bombardment with neutrons,
protons or heavier particles the nuclei go through various h
deviations from their ground-state shape. 1If duriné the
course of these distortions a nucleus attains a deformation
such that the decrease inﬁgnergy of the coulomb repulsion is
greater than the increase\in the surface energy ft will
distort beyond the "saddle-point" configuration and reach the
"scission-point,” whence the nucleus will split into at least
4

< o
two fragments which are then driven apart by their mytual

coulomb repulsion. Thus Bohr and Wheeler (B039) defined a

“fissility” parameter" as Ez/ZEg where Eg and B: are the

coulomb and surface energies respectively for a spherical
o ’ )

nucleus. This parameter is proportional to ZZ/A of the nucleus,

which has in many cases been considered as the principal
factor on which fissionability depends. By virtue of their
nuclear, bulk heavy nuclei, such as the ones used in-this work,
have ground;state shapes deviating from sphericity. Their
coulomb barriers to fission are thus lowered making éhem

susceptible to fission at even low excitation energies.

LS

Bl. The path to fission-

It is impossible to discuss fission induced by charged

particles without at the same time considering competing N

o

e - e ey e cw—oe
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nuclear reactions in which particles may be emitted, resulting
in nuclei that do not fission. These competing reactions are
collectively termed spallation reactions. Two extreme
mechanisms have been formulated to explain reactions sdth as
thel interaction of energetic protons with uranium nuclei. At
excitation energies of a few MeV up to about 50 MeV the chief
mechani§m is by compound-nucleus formation in which the
projectile is absorbed into the target nucleus and tﬁe added
energy is distributed amongst all the nucleons. Deexcitation
then occurs by evaporation of nucleons, nuclear fission or
gamma-ray emission. At energies greater than about 50 MeV
the mechanism becomes that of direct interaction of the
projectile and a few nucleons in the nucleus. The incoming
particle enters the nucleus along a random trajectory and has
a finite probability of interacting with a nucleon. 1If the
interaction is allowed the struck nucleon will obtain some
kinet;g/energy and momentum. The two nucleons then traverse
the nucleus and may ipteract with other nucleons. Such a
process is termed an intranuclear cascade, an outcome of which
is the emission of nucleons with sufficient energy to overcome
their binding energy and coulomb barrier in the case of
charged particles. The final outcome of an intranuclear
cascade is an excited nucleus that deexcites in a manner
similar to an excited compound nucleus,

In recent years reaction models have been formulated that

combine the diametrically opposed extremes of direct reactions-

T \

et
r
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and compound nucleus mechanisms. These models have been
collectively termed pre-equilibrium models and have been
reviewed by Blann (B175). Among the several models formulated
the pre—equilibrium/excitgn model derived by Gadioli and
Milazzo-Colli (Ga73) has been highly successful. The collab-
orative “efforts of Hogan, his co-workers and Gadioli have
resulted in successful fits to a variety of spallation reac-
tions induced by protons with energies up to 100 MeV (Ho77,
Ga77, BuB80).. Recently this model has been successful in
reproducing ;;bLOad range of experimental data in the thorium
region where ’ f1551on plays an important role (Ho79, Ch80).
Gadjioli (Ga78) has assumed fission to be a competing
reaction only during the second stage of the calculation where
an equilibrium distribution of energy is attained. This is
because the initial partition of projectile energy in the
pre-equilibrium stage is between relatively few intrinsic
degrees of freedom, whereas fission involves a major collec-
tive motion of nucleons. As mentioned previously, deexcitation
from an excited nucleus in which the energy is equilibrated
is by nucleon emission, fission or gamma-ray emission.
Gamma-ray emission is considered to be a slow process at this
stage and does not compete with the other modes of deexcitation.
The deexcitation process is treated analytically by a Monte-
Caflo procedure similar to the one formulated by Dostrovsky

et al. (Do59). The probabilities of the various modes of

deexcitation along the evaporation chain are expressed in terms

-
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of widths (I, eyaluated by Gadioli et al. (Ga77) as follows. ~

‘.
oy
s

The.warious particle emission widths (I{), where i may be for

neutrons, protons or alpha particles, are giveh by:

. 2, 2/3
I = Byros A7 (25540
6i2 Zn’l'l2 ag P(E)
3 , (1.1)
—z;.(xi -2xi+2) +/3(xi—l) - (E-Bi—Ci-Ai{]exp Xy )
h §

and the analogous expression for the fission width, derived.
from vandenbosch and Huizenga (Va73) and discussed by Gadioli

{Ga78), is:

&
[Zng(E—Bfng)'- 1] exp [Zng(E—BfwAS”

o d

—_ ©
(8.2 4na, p (B)] (x-2)

o

g

G

where: ﬁs = average excifation energy at the saddle point,

U, = average excitation energy of the residual
nucleus A, after the emission of particle i,

= pairing energy at the saddle point,

s
B, = the fission barrier, '
ag = the level—density_paraﬁeter of the nucleus

when deformed to the saddle point,
. T .
By = seduced mass of tge excited nucleus A- emitted

particle,
r, = nuclear ‘radius parameter,
5; = spin of the emitted particle,
° ' - 1/2
X = s -B.=3 2 Thdy
g =2 a;(E Blﬁcl>éi) ' .
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2.12Ai-2/3-0.05 for neutrons, = 0 otherwise,

™
i

0.76 + 2.2Ai"1/3

a; = A/8,

Bi = binding energy of the emitted particle i, ’
Ci = coulomb barrier for the emission of particle i,

A; = pairing energy of the residual nucleus A; after

the emission of particle i.

The term most commorily used to discuss the competition
between fission and partic¢le emigsion has been the fission-—
ability,defined as IE/IL. This was because most of the early
investigations were at relatively low energies, where the
probability of charged—part;ile emission is low and the only
mode of deexcitation -competing with fission was neutron

emission. However, for the proton bombarding energies used

in this work charged-particle emission does become a competing
233'2350.

The

mode of deexcitation for the target nuclei P

fractional probability of fission is thus given by:

I%
- “ P - \
f (1.3)
I;+ ?;+ I& +‘I; g

”~

where Pf is termed the fi§sili§y and the various widths have
been defined by equations (I.1l) and (I.Z2).

The reactiop model described above was made available
during the course of this work and the pertinent results will

be presented in the discussion. However, there are several

points in the fission option of this model that should be

ot -
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noted:
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l. The fission‘'barrier, from (Ga78), is single-peaked
and defined only by its height. Fission is assumed
to takeqplace with unity transmission coefficient
above the barrier and zero transmission coeffic%ent
below the barrier. 1

2, In caléulating the various widths (I") no account
is taken of angular momentum effects.

3. The ratio of the level-density parameter of the
nucleus when deformed to the saddle-point confi-
guration (af) to the neutron level-density
Parameter (an) %s treatéd as the only free
variable.

Although it has been mentioned previously that double-

humped fission barriers do exist, this is of little consequence

in the present evaluation where the fission barrier is easily

surmounted. Furthermore, the present model may only be

applied to proton-induced reactions and Gadioli (Ga77) has

suggested that angular momentum effects do not seriously alter

the results of these reactions,.

B2,

Post-fission phenomena

Post-fission phenomena may be described as those that

occur after scission of the fissile nuclide into at least two

fragments, The distribution of mass, charge and kinetic

energy between these fragments, together with their neutron

and photon yields, thus constitute these phenomena,.a complete

-
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"decays lead to levels that are neutron unstable, resulting

Y

description of which is beyond the scope of this introduction.
Review articles by Nifenecker (Ni73) and Hoffman (Ho74) have
surveyed the literature and pfovide comérehensive references,
However, there are certain prominent features of these
distributions that may be sﬁmmarized.

i) Mass distributions

The highly excited fragments formed immediately after

scission are often referred to as the érimary fragmentgﬁ

These fragments deexcite predominantly by neutron emission
followed by prompt gamma emission. The resultant products,
referred to as independent fission products, are in most

cases radioactive and decay usually along a chain of constant

mass number until they reach stability. 1In some cases these

in delayed neutron emission and a d;crease in mass number.

All neutrons emitted aftér s¢cission are termed post-fission
neutrons. The cumulative yields of each masa’chain give the
post-neutron-emission mass disﬁributions and have until “

\ -

recently been measured by radiochemical technigues. The

field of a fission product, or any product from a nuclear
reaction, is expressed as a "cros%—section“ which is a measure
of the probability 6f a reaction at a given energy for a
given projectile and target. "It haé the dimensions of area

24 2 \ . .
cm”) . ‘Advances in experimen-

and the unit is a barn (=10
tation have allowed correlated measurgments of mass, kinetic

energies and neutron multiplicities of\the fission fragments °

mm - . L. m“ﬁ‘-ntﬁa‘d"wwﬁ‘-«ﬂ‘\J~<;&z1M.j,__”“
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so that primary fragment mass distributions may now be

obtajned. Such an experiment has been performed by Burnett

(Bu68)\ who measured the time-of-flight of one fragment in

coincidencd with the pulse amplitude produced by both

or the proton-induced fission of 2330. Unik et

fragments
al. (ﬁ 3) have made a comprehensive study of mass distri-
butions from fission of the actinfﬁe elements and obtained
excellent agreement between the radiochemical and physical
teqhniques. On-line mass s%gctrometric techniques are also
being used to measure isotopic yields of fission products
(Am73, Ni79, Ni80; MoB8l, Sh8l) and in some cases isobaric
dispersions have been constructed and related to the charge
distribution mechanisms.

One of the most prominent features of the mass distri-
butions for low-energy fission of the actinide nuclei is the
mass asymmetry. It has now been established that the fission
path departs from mass symmetry at the second ba?rier and
Pauli and Ledergerber (Pa73) have found good correlation
between the mass asymmetrxy at the secondrbarrier and experi-—
mentally determined primary fragment ﬁass rétios. For all
fissile nuclei symmetric yields become more probable as the
excitation energy is increased. This is well illustrated by
the measurements of Stevenson et al. (5t58) for the proton-

238

induced fission of U in the energy region 10 to 150 MeV.

At 10 MeV the peak-to-valley ratio of the mass distribution

”

is 10 and diminishes to 1 at 150 MeV, corresponding to a

”
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symmetric mass distribution. Similarly the mass-yield

PS

curves measured by Burnett (Bu7l) for the proton-induced
fission of 233y at 8.5 and 13 MeV have/peak-to-valley ratios
of 7.1 and 2.2 respectively. The abo amples also illus-
trate the larger relative s}mmetric mass yields for the lower
mass, highl& fissile uranium nuclei. The marked increase in
the symmetric component of the mass-yield curves is expected
at energies above the fission barrier as the mass distri-
bution is determined by level densities and a symmetric
distribution of nucleons has larger statistical weight,
However, experimental results show that the asymmetric compon-
ents are still persistent at higher energies, and altﬁough
this may be attributed to fissioning nuclei with lower
excitation energiQEAdue to multichance fission, a fair number
of these nuclei still have excitation energies above their
fissioﬁ barriers. The observation of higher yielés for
symmetric mass division in the spontaneous fission of fermium
isotOpes as .the mass is incfgased (Ho74a) suggests that the
asymmetric/symmetric mass split may be correlated to the
identity of the fissioning nuclide. Recently Chung kChSO)
correlated this mass split to the ZZ/A of the fissioning

nuclide for fissioning charges between 80 and 105.

ii) Charge distributions : \

A complete description of the fission process must

consider the distribution of nuclear chargé’between the

fission products and how this is related to' the identity of
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the fissioning nucleus and primary fragments. -Although at
present there is no theory which predicts the detalls of
charge distribution, the data are usually compared with three

postulates; Equal Charge Displacement, Unchanged Charge

-

Distribution, Minimum Potential Energy.
H

a. ‘Equal Charge Displacement (ECD) postulate: ‘ .

First introduced by Glendenin, Coryell and Edwards . (6149)\\
and formulated empirically from charge dispersion data for
low-energy fission, this sztulate states that the mogg

probable charges (Zp) of complementary primary fragments ‘ . !

(Ai, Aé) ar§ equally displaced from beta stabilfty., This may 1_

be formulated as: - cL

(Z -2 ) ' (Z ) ' (1.4)
AP AL A P AH
where the ZA's are the most stable charges along isobars Ai
and Aé. The implication of this postulate is that the - -

fissioning nucleus has time to redistribute its constituert
nucleons prior to scission. . -
b. Unchanged Charge Distribution (UCD) postulate:

-

First introduced by Goeckermann and Perlman (Go48, 49), .

this postulate states that the neutron-to-proton ratio of the
—y é
e )

fissioning -nucleus is maintained unchanged in the primary
fission fragments. Thus:

(N*/2.)., = (N'/2.) ., " (1.5)
%A P'ay "

where the subscripts L and H denote the light and heavy

fragments respectively. The assumption inherent in this

i
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postulate~is that the process from saddle to scission is toé
‘fagggggrgllow a rédistribution of 'nucleons.
c. ‘%;;imum Potential Energy (MPF) postulate:

Generally attributed to Way and Wigner (Wa48), this
postulate suggests that thé process from saddle .to scission
is slow and that the division will be such as to minimize the
nuclear potenﬁial energy. A number of formulations of this
hypothesis has been used over the years (Fo56, No66, Ch80)
with varying degrees of success. This has beén largely due
to the calculations beinq strongly dependent on the mass
equations and shell corrections used. This postulate was
tested in this work and the formulation will be given in the
discussion.

In order to correlate the measured independent fission-
product yields to the charge-distribution postulates various
methods of constructing éharge-dispersion curves were formu-
lated. The first attempt was made by Glendenin (G151) who
obtained charge-dispersion curves by plotting the.independént

N Q.
yields versus (Z—ZP) of the products, where ZP was calculated

usingrthe ECD postulate. This required a knowledge of Z, as

shown by equation (I.4) and resulted in discontinuities near

shell edges. 1In order to circumvent this difficulty Wahl

(Wa58) proposed an empirical méthod based on the determination
N a I 4
of ZP from a plot of independent yields versus the atomic

»

numbers (2Z) of the products. Further work by this author -

(Wa62,69) showed tﬁat charge ﬁigpersion curves couldlbe

3
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* 4 - -

e L P - - ool - i il ¢ " Y




- 14 -

represented by a Gaussian distribution of the form:

P(z) = (mc)"1/2 . exp[-(z-2,)?/c] (1.6)

whe?? P(2) ishthe'probability of formation of a product of
atomic number (Z) in a given mass chain and C is a’constant b
relating to the width of the distribution. J

Most of the early works on charge dispersion émployeg

4

only radiochemical techniques and were thus restricted to the

few cases where at least three members of the same mass chain
could be measured. However, the recent on-line mass spectro-
ﬁetric measurements of Amiel and co-workers (Am74, 75, Sh81)
have shown‘that this problem can be overcome by combining
absolute radiochemical measureménts with the relative isotopic
yields, and previously unmeasured isobaric distributions can
'now be obtained.

In order to correlate isotopic yields to charge dispers%pn

Friedlander et al. (Fr63) proposed that the yields be plotted

as a function of the neutron-to-proton ratio (N/Z) of the

product. The peak of these dispersions gives N/ZP from which
ZP may be derived. There are, however, two ipplicit assump-
tions when one uses this approach: (i) for any value of A the
total chain yield must be assumed to be the same in the mass
range under consideration;(ii) N/ZP has the same value for

different mass chains. Hogan and Sugarman (Ho69) have shown
-that isotopic charge dispersion curves may be compared to

isobaric charge dispersion curves if a correction is made for

the variation of N/ZP with A. More recently Miller and

wewmes = - I TR ok dek sty s s By S
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Yaffe (Mi73) and Galinier et al. (Ga77b) have shown the
varxiation of N/ZP’with A for the proton-induced fission of
238U at’various energies. — \

The three postulates hanyhad varying degrees of success
in predicting the experimentally determined most probable
charge (ZP) for various fissioning systems at different
energies. However, in general, the evaluations indicate that
the ECD postdgate is successful in predicting charge distri-
bution for low-energy fission data, the MPE postulate predicts
the data in tje intermediate-energy range and at high energies
the charge distributions are predicted by the. UCD postulate.

i)

This categorization of charge distribution és a}function of
energy is far from definitive; for example, g;isdorf (Re71)
derived primarf fragment charge distributions following spon-
2

taneous fission of 52Cf and thermal-neutron-induced fission

of 233'235U and 239Pu, and concluded that the most probable

charges were closer to the values predicted by the MPB postu-

late. The same conclusion was obtained by Chung (Ch80) for

& -y
.y

these reactions. ' 4

One of the most extensive studies of charge distribution
from the*fission of actinide nuclei by protons in the energf
range 20 to 90 MeV has been made by Yaffe and his‘co~workers.

232 '233,235,238ﬁ (To69, Kh70,

239

Th (Mc7l1, Ho73, Di79),

Sa7l, Ma73, Di74, Sal6, Ga77), 23/Np (Mc72) and

Studies on

Pu (Sa70)

have shown that the charge-dispersion curves broaden with an

increase in the proton energy, the most probable charge (Zp)
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moves towards stability and Zy-2, is a function of the N/Z
ratio of the target. Interpretation of the results in terms -
of the charge postulates has been inconclusive, largely due

to the complications of multichance fission. Recently Chung
(Ch80) performed ab initio calculations of charge distribution
in the thorium region and compared his predictions with the
experimental data of Yaffe's group. He concluded that the
MPE postulate gave the best fit to the data for asymmeéric
fission, although reasonable fits were obtained by the ECD
postulate, and the UCD postulate correlated the data for
symmetric fission. These results support the two-mode-fission
hypothesis suggested by Turkevich and Niday (Tu51), although
Chung has assigned the asymmetric/symmetric split to the
identity of the fissioning nucleus. Chung and Hogan (Ho81l)

have performed similer calculations for the proton-induced

2380 and conclude the same trends as those observed

/

fission of

232

for the Th work.

iii) ‘Kinetic-energy distributions and neutron and photon yields
The kinetic energy of fission fragments is primarily a

result of the coulomb repulsion between the fragments at

scission. The distribution of these kinetic energies is

dependent upon the identity of the fissioning species, the

excitation energy and the mass and charge of the fragments,

and has been r;viewed by Hoffman and Hoffman (Ho74). One of

the most prominent features of the average total kinetic-

energy distribution as a function of the primary-fragment

I




2330 (Bu68) , is the

mass, for the proton-induch fission of
double humped shape of the distribution with the valley
occurring in the region of near-symmetric mass splits. Further -
more, -the average total kinetic energy decreases slightly as

the bombarding énergy increases. These features have been

correlated to the observed higher total neutron yields for

complementary pear-symmetri¢ fragments as compared to complemen-
tary asymmetric fragments, and also to an increase in the
average total neutron yields with %ncreased bombarding energy.
The discussi;n of chargé distribution in the previous
section illustrates the need for detailed knowledge of neutron
em}ssion as a function of fragment mass and charge in order
to obtain the identity of the primary fragments. The total
number of neutrons emitted when a nucleus such as 2330 is
bombarded with energetic protons consists of pre and post-
fission neutrons. The pre-fission neutrons gnclude those ]
emitted during the fast pre-—equilibrium stage of thé reaction 3
and the slower evaporation stage prior to fission. As
previously mentioned the post-fission neutrons include all
those emitted after scission, the majority of whi¢h are prompt
neutrons emitted from the fully accelerated primary féagments.
The variation of neutron yields as a function of fragment mass
was first shown by Fraser and Milton (Fr54) for the neutron-

induced fission of 233U

. Their study showed that the number
of neutroris emitted by complementary fragments was unequal,
most of the neutrons being emitted by the heavier light and

2
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heavier heavy fragments. This was also observed by Terrell

?33'235 239Pu and zsch, and the

(Te62) for {the fission of U,
enhanced yields at Eé(Pain fragment mass numbers were
attributed to nuclear ;Erqgture effects in these fragments.
The saw-toothed variation of neutron yields as a function of
fragment mass diminishes considerably with increasing

-

excitation energy as shown by Burnett (Bu68) for the proton-

233

induced fission of U at 8.5 and 13 MeV and Bishop et al.

(Bi70) for the 11.5 and 22 MeV proton-induced fission of 238U.
This trend is consistent with other observations that shell
effects tend to disappear with increasing excitation energy.
Furthermore, an increase ih.excitation energy manifests itself
in the heavy fragment and in genera} there are more neutrons
emitted from the heavy fragment than from the light fragment.

Photon (or gamma-ray) emission from fragment nuclei has
received lgssjﬁtudy than most other aspects of fission, largely
due to theirrgupposedly limited relevance to the details of
fission. Despite the experimental difficulties a number of
measurements has been made and reviewed by Nifenecker et al.
(Ni73) . In summary, it may be said that the total gamma-ray
energy emitted in fission lies around 7.5 MeV with an absolute
uncertainty of 0.5 MeV for most of the known cases; the gamma-
ray yield per fragment versus fragment mass for low-energy
neutron-induced fission exhibits the same saw-toothed variation
as the neutron yield; and there exists a linear relation

between the total gamma-ray enerqgy and number of neutrons

emitted.
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C. Previous Work of Interest

In 1967 Klapisch et al. (K167) reported the successful

use of an on-+line mass spectrometer for measuring relative
a

isotopic yields of elements produyced “in nuclear reactions.

The utilization of the spectrométer for the“measurement of

isotopic fission yields was reported by Tracy et al. (Tr72).

They measured the igotc;pic vyields of rubidium (Rb) and

232 235,238

cesium (Cs) formed in the fission of Th and U by

protons of energies 40 to 60 MeV, and observed that the =
distributions were Gaussian in shape, although the Cs distri-
butions were asymmetric. As the proton bombarding energy was
increased the neutron-rich sides of the distributions remained
fairly constant, whereas the neutron-deficient sides moved to

lower mass numbers, resulting in a decrease in the mean mass

numbers and an increase in the widths of the distributions.

. Furthermore, as Rb and Cs were complementary, or near’ly

complementary fragments for the reactions studied, average
total neutron yields were obtained and charge-distribution
mechanisms were studied. Théy concluded that the ECD°postulate
was better than the UCD postulate in predicting the data in*®
the energy range studied. Since then the McGill group has
made a number of on-line mass spectrometric studies of proton-

2320n (ni80) and 2322384} (pe75, ch77,

232

induced fission of

Su77), and deuteron-induced fission of Th (Ko78) and

233,235,238, (C178, Mo8l). In a number qf these studies
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gallium (Ga) and indium (In) distributions have been obtained
in addition to the Rb and Cs distributions. 1In.all cases
pronounced shoulders were observed on the neutron-rich side

of the Cs]-distributions. These distortions have been attrib-
uted to contributions from lower excitation energy events

by NJ;.kkinen et al. (Ni80) and oyerlapping neutron stability
zones 'around N=82, 86-88 by Mobed et al. (Mo8l). All investi-
gations showed that the centroids of the isotopic distributions
move to lower mass numbers’ and the.widths of the distributions
increase as the incident particle enerqgy is increased, The

charge-division mechanism for the asymmetric components was

consistently attributed to the ECD postulate. The only test
of the MPE postulate was made by Mobed et al. (Mo81) and these

.investigators showed that charge division could also be

\Q
atitributed to a minimization of the potential energy, but no

cohclusion was drawn as to whether EB) or MPE was in better

agreement with the data.
a

Very few nuclear-charge dispersion studies have been

carried out for the fission of 233U and 2350 in the energy

range pertinent to this work. Studies on nuclear-charge
dispersion of light-mass fission products have been carried

out by Khan et al. (Kh70) for the proton-induced fission of

235U and Marshall and Yaffe (Ma73) for the proton-induced

233

fission of U in the energy range 20 to 85 MevV. Studies in

the heavy-mass region have been done by Tomita and Yaffe (To69)

2337

for the pi'oton-induced fission of U and Saha et al, (Sa7l)

for 2350. ‘These investigations have shown that in the




heavy-mass region the displacement of the most probable chE;ge
from stability is dependent on the neutron-to-proton réfio of
the target, whe;eas in the light-mass region no such dependence
exists. -Marshall and Yaffe (Ma72) have thus concluded that

the variation introduced by the targets manifésts itself in

the heavy fiskion fragments., Furthermore, the experimental

results indicate that the most probable charges of the light
and heavy fragments are not equidistant from beta stability
when ZA.is taken for the fission products. This cannot be
concluded as a failure of the 'ECD ‘postulate as the postulate
is related to primary fission fragments and not fission
products. Khan et al. (Kh70) computed ZP values based on the
E?g and 'UCD postulates and concluded that ECD results were

¢

closest to their experimental values. Similar calculations

by Saha et al: (Sa7l) resulted in the UCD postulate giving the
best fit to the experimental results, whereas Tomitq}and

Yaffe (To69) found that their results fell between those
predicted by the two postulates, and suggested this was a
consequence of the two-mode fission hypothesis.

°

D. Purpose of the Present Study

¢ ¥
This study was undertaken to suPplement the existing
data for the proton-induced fission of 233‘U and 2350 in the
energy range 40 to 100 MeV. The availability of an on-line

S i
mass spectrometer facilitated the accurate meéasurement of
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isotopic distributions of Rb and Cs in fission. These
distributions have not been measured for the proton-induced

233

fission of U and this work concludes a systematic mass

spectrometrie s:udy of the proton-induced fission of the
readily-obtainablq uranium nuclei. Although these distri-
butions have been measured for the proton-induced fission of
235U there exists a discrepancy between the results obtained
by Sutherland (Su77) and Tracy et al. (Tr72). Considering
the experimental accuracy of the mass-spectrometric technique,

235U results was considered in order.

a ve;ification of the
We found that the measurement made by Tracy et al. at 50 MeV
was in good agreement with the systematics of our measurements
in the energy range 40 to 100 MevV.

Since Rb and Cs represent ?ear—complementary products
from the proton;induced fission of uranium, and assuming that
their true complementary products could easily be determined,
a qualitative procedure of testing the charge-distribution
postulates was formulated. Although this did not require a
knowledge of the number of neutrons emitted frém each of the
primary\fragments, the total number of neutrons emitted was
required, and this was estimated from the position of the
centroids of the isotopic distributions and the identities
of the fissioning nuclei. The calculations briefly outlined
in this paragraph require a reliable reaction model to supply

* the identities of the fissioning nuclei and the probabilities

7
of the various multichance fission events. The pre-equilibrium/

3
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exciton model formulated by Gadioli was chosen for this
purpose. ) |

A mo?ification of the surface-ionization ion soﬂrce
(Ni80a) used in the mass spectrometer allowed isotopic distri-
butions of In to be obtained. These products are represen-
tative of neér—symmetric mass spli&i from the proton-induced
fission of uranium ghd an attempt was made to test the charge-
distribution postulates in this region. Although no data
exist in the complementary technetium/ruthenium region the
results in this region were estimated from the systematics of
the measured isotopic distributions. Isotopic yields of Ga

were also obtained at 80 and 100 MeV for the fission of 2330.

'

However, these results are only tentative as the low yields
prevented a measurement of the diffusion curve in order to
correct for beta decay and feeding from precursors.

In all cases the relative isotopic yields were normalized
to independent formation cross-sections which were measured
radiochemically. Excitation functions were constructed for

72Ga, 84'86Rb, 116m,ll7m+gIn' 132,134m+4, 136C

and s. The Cs
measurements were in excellent agreement with the previous
measurements by Tomita and Yaffe (To69) and Saha et al. (Sa7l).
The shape of these excitation functions will be discussed and

compared to previous trends.
r
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A. On-Line Mass Spectrometry

Al. The mass spectrometer

Isotopic distributions of the fission products studied
in éhis work were obtained using an on-line mass spectrometer
located at the exig of the external beam line of the McGill
Synchrocyclotron, This allowed irradiﬁtions up to a maximum
proton beam energy of 100 MeV. Lower e;ergies were obtained
by placing beryllium degraders in the path of the extracted
beam and the energies of the‘ degraded beams were calculated
using the range/energy tables of Williamson and Boujot (Wi62).
A schematic diagram of the mass spectrometer is shown in
Figure IIXI.1l. The main features shown in the diagram are. the
ion source which was maintained at an Opefating vacuum of

-6 torr, the 90° sector magnet that deflected the ions

10
emerging from the.ion source and the electron multiplier that
detected these ions. The slits S1 and 52 are image slits
through which the extracted ions were focussed.

The operating principle of a mass spectrometer is based
on the fact that a particle with charge q, and mass m, moving
in a uniform magnetic field B. with velocity V, will follow a

circular orbit of radius p. This implies that:

| qVB = mv? (II.1)

p .

and equating the kinetic energy (KE) to the potential energy

(PE) gives:

s
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Schematic of the mass spectrometer
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Q (Ir.2)

\
\
\ |
Wwhere Vo is the accelerating potential, | Th refore: '
\

m = qB2p?

2Va’

!

|

i (I1.3)

: . \\ « ,

The radius of curvature of the analysing magnet in the mass
specgrometer used in this work was 30Q0cm. Froy equati;; (I1.3)
it can be seen that by adjusting either the magqeticnfield (B)
or the accelerating voltage (Vo) the desired mass could be

“selected .

. During normal operation tﬂe spectrometer ion source was
-held above ground potential at a positive voltage of 5kV,
Positive ions emerging from the ion source were accelerated
through a 0.2mm wide defining slit and entered the magnetic

field. After leaving the field region the ions\passed through

a 1.0mm image slit and entered the electron multiplier. The

S

ability of the spectrameter—tb separate adjacent masses,
termed the resolving power and defined as M/AM, where M was
the measured mass and AM was the full width at 1% maximum,
was iﬁ the region 160 to 200 (Ni77), which was adequate for
the mass regions under séudy. - : .

An important component of a mass spectrometer used for

fission product measurements is the ion source. It determines

+ which elements can be ionized and thus estabiishes the selec?

i '
tivity and overall efficiency of the apparatus.

N
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A2. Ion source ’ . :

The ion source used in this work consisted of two ﬁajor
components: a cylindrical oven for heating the target disks
and an ionizing surface. A diagram of the ion source is
shown in Figure II.2. The oven, machined from fine grained
high purity graphite was 44mm long with a 12mm central boré,
The wall of the oven was 150 microns thick, the Epickness

being increased to 1.33mm in' the central region where a 12mm

/4

‘hole allowed fér insertion of the ionizing structure. The

ends of the oven were enlarged to 22mm to‘allow an even

current distribution, the current being supplied through
tantalum electrodes screwed into the enlarged ends. Graphite
disks, coated on one side with t;}get materi;l and separated

by 0..3mm graphite spacers, were located in the central region

of the oven. A 0.25mm tantalum heat shield surrcunded the

oven to~c6ntain the radiated heat and provide a uniform tempera-
ture distribution within the oven,

The ionizing structure, commonly called "the horn,"
consisted of an ionizing foil spot—&elded between two tantalum
posts, one terminating in the form of a plug and the other as
a slit. The tantalum electrodes of the horn and oven were
éoupled to separate high-current elect;ical feedthroughsﬂand
each component was heated by‘the Joule effect from separaté
‘po&er supplies. .

The operation of the ion source dependeqhon the fast

diffusion of certain elements out of hot graphite and the
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Figure II.2

Ion source
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selective ionization of these elements. The former cri£erion
restricted the products available for study to the alkali
elements and indium and gallium. The study of the fast
diffusion of these recoiling fission products out of hot
graphite has been well documented by Pilar (Pi74) and Nikkinen
{Ni77) and will thus not be elaborated.

The latter criterion, the ianization probability, was a
major factor in determining the chemical selectivity of the
ion source. The p;obability of surface ionization is governed

by the Saha-Langmuir equation (La74):

n g
F =% exp(w-1) /kT (11.4)
T, o ‘
where:
n,
n- = the fraction of atoms ionized,
(o}
W = work function of ionizing surface,
I = ionization potential of an atom in contact with
the surface,
Ei = ratio of the electron spin degeneracy of the ion
9o to the spin degeneracy of the neutral atom,
k = Boltzmann's Constant,
T = the surface temperature,

Thus a material with a high work function was required as the
ionizing surface, and eléﬁents with low ionization potentials
were most efficiently ionized. The probability of ionization
is also dependent on the surface temperature and a judicious

choice of this temperature and the material used as the

- - . P ; i R ey B T i
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ionizing sufface was necessary to obtain maximum ionization
probabilities for the elements under study. The chemical
selectivities of the ion source for rubidium, cesium, indium,
and their neighbouring contaminants are shown in Table II.l.
As indicated in the table a tantalum foil, 25 microns thick,
was used as the ionizing surface for the rubidium and cesium
experiments, and the normal operating temperatures of the oven
and horn were 1600°C and 1000°C respectively. For the indium
and gallium (I~6.0eV) determinations the oven was operated at
1700°C and a 25 micron thick rhenium foil maintained at 1100°C
was used as the ionizing surface. Anomalous ionization was
observed for the indium and gallium experiments and it has
been previously found (Ni77, 80a) that the ionization probabi-
*lities of indium and galliﬁm do not agree with the Saha-
Langmuir equation. Howeéer, reasonable source efficiencies
were obtained by heating the ionizing surface to 1800°C for

a period of 30 to 40 minutes prior to the determinatigns after
which experiments were performed at an operating horn tempera-
ture of 1100°C for approximately five hours. This suggested
that surface coating phenomena may eﬁhance efficieng‘ionization.
Indium data were still obtainéd with the desired-purity and

a gamma-ray Spectrum of an extracted 120In source (NiB0a)
showed no contamination from neighbouring elements. Gallium

data were only obtained at the higher energies due to its low

fission yield and anomalous ionization. - 0
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Table II.l: Selectivity of the Ion Source

v
l

Ionizing Surface Element Ionizing Fraction
surface Temperature Ionized Potential Ionized
(eV) n+/n++n0
Ta(w=4.19ev) * 1000°C Rb 4.176 0.36
Sr 5.692 ~10°
Cs 3.93 0,89
K Ba 5.21 ~10 7
%
Re (W=5.leV) 1800°C In 5,785 0.02
ca 8.991 ~10710
[pata from Nikkinen (Ni 77)] .
\
L »
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A3, Target preparation

The target disks* weregggépared by the deposition of
uranium oxide from a uranium oxide-acetone slurry onte
graphite disks 12.5mm in diameter and 0.25mm thick. The
targéf material was confined to a region 8.5mm in diameter
in the centre of each disk and the disks were separated by

graphite spacers in the target assembly.

233 233

The U was deposited as isotopically pure UO2

and each of the 20 disks in the target assembly contained

233U. For the 235

was as enriched 235U308 and each of the 17 disks in the stack

contained l.Omg“Sf/i2§ﬁ. A mass spectrum of this target
235

1.0mg of U target assembly the deposition

indicated thaf\gpq\ U was enriched to approximately 93%.
' 4

' The beam degradation in the target stacks was determined

using the range/energy tables of Williamson and Boujot (Wi62)

and the bombardianenergies, expressed as the average of the

v

incident and exiting .beam energies, will be given in the

A

section on experimental results, together with the calculated

-
R \

energy spread.

A4. Electronics and data acquisition

®
A schematlic diagram of the electronics incorporated with

the mass spectrometer is shown in Figure II.3, In order to

- |
to obtain isotopic distributions of the fission products under

* We are grateful to Atomic Energy canada Ltd., Chalk River

:for preparing and supplying the target disks.’

a3 |
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Figure II.3
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Schematic of the mass spectrometer electronics
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study it ‘was desirable to obtain yields for several isotopes

" under identical experimental conditions. This was accomplished

by tuning the magnetic field to select one isotope in the
mass region of)interest, and then modulating the constant 5kV
accelerating voltage on the ion source with a 48,5Hz triangular
voltage wave from a sweep generator. A clock pulse 951 started
the PDP-15 mini-computer in.the data acquisition mode and
simultaneously triggered the sweep generator, At the correct
phase of the triangular modulation a synchronization pulse
from the sweep generator started data accumulation in channel
zero of the first data block of 1024 channels. Accumulation
proceeded for a predetermined .number of cycles in successive
memory blocks until the specified number of blocks had been
completed. The sweep generator was then disabled and the
computer awaited the next clock pulse t:.o restart the data
accumulation cycle. A second clock pulse d)2 started a timer
that switched on the cyclotron b.eam 'for a fixed period of time
during the data acquisition cy,cle. The pulse ¢2 was delayed
from the data acquisition pulse d)l such that the cyclotron

beam was on while the computer was accumulating data in the
& -

second memory block. Data were collected in eithér three or

four r;lemory blocks so/tﬁat s%:ectra before, during, and after

each beam bur:';st could be obtained. ,
This accumulation mode constitutes a timing sequence

that was repeated until data were accumulated to the desired

statistical accuracy. Mass spectra obtained in the manner

.
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just described are shown in Figure II.4. The "mirror image"
nature of the specttra was duq to the triangular shape of the
modulated high voltage, such that the spectra on the left weré
obtained during the down-ramp of the trianqular sweep and the
spectra on the right were obtained during the up-ramp.
Subtraction of the background spectrum (a) from the "beam-on"”
spectrum (b) gave the relative isotopic distribution of the
element under study.

The duration of the'timing sequence mentioned in the
preceding paragraph was selected according to the diffusion
characteristics of the elements and the decay times of the
isotopes. The diffusion chéractergstics were determifed by
selecting one mass near the peak oé the distribution/for each
element. With the sweep generator disabled, a spectrum was
collected before, during, and after each -beam bu?st in one

memory block of 1024 channels. A sample "diffusion curve"
90

Moo

spectrum of Rb is shown in Figure II.5. The spectrum shows
the growth in the activity of the isotope while the beam was
on, followed by the decay after the beam burst. The timé ‘
taken for the activity to reach the background level détermined
the timing sequence. N
Diffusion curve spectra collected before and after each
'Eipériment were also used to correct for beta decay of unstable
isotopes diffusing oﬁt of the target and for added production
due to precursor feeding. The spectra were fitted to the sum

of two decaying exponentials.

-
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Figure I1I.4

- - . Indium Mass Spectra : .

I *
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a. Background spectrum
. b. Fission spectrum
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. were two oxides of uranium. For the

T 3 -

Y = Wy exp(;)\lt) + W, exp(-)\zt) (ILI.5)

where )\1 and )\2 were the tir;\e\\constants and W1 énﬂd -w2 were
the relative weights of each diffusion mode. These constants,
together with the irradiation time and duration of the timing
Sequence; were used in a computer program to calculate
correction factors for the unstable isotopes of the element
under study. A detailed description of the analysis and
listing of the computer program is given by Clara. (C178);.

The counting system deadtime was required to make the
necessary corrections to the data. This was accomplished by
feeding a series of double pulses into the signal processing
electronics. By reglucing the time intervgl between pulse’
pairs until the count rate recorded by the computer dropped
by a factor of two the system deadtime was found to be
5.6t0.1usec.

The corrections briefly mentioned above, together with

the mass discrimination corrections,will be discussed in the

section on data analysis.

B. I!;ternal Irradiations

Bl. Target preparation

The target materials used for the internal irradiations
233 i

U experiment the oxide ™

233 1. 235

was isotopically pure uo, +and for the

the oxide was 235U308 2. enriched to 93%, the isotopic impurity

U experiments

~3
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238 234

being U (6%) and U (1%). The targets were prepared by\)

mixing the weighed oxide with an approximately equal amount
65 4(‘:

|

of accurately-weighed Cu0 so that the Cu(p,pn)6 u reaction

could be used to monitor the intensity of the proton‘beam.'
The excitation function of this reaction in the e‘nergy ra.nge
pertinent to this work has been measured by Newton et al.
(Ne73) and their results were used throughout.

For each irradiation a weighed amount of the mixed oxides
(10 -20mg) was packed into the central region of a short length
of aluminium tubing.3 The tubinpg was flattened, folded and

clamped to a target holder that could be mounted on the end «

of the cyclotron probe as shown in Figure II.6.

£

B2, 1Irradiations

Each target was irradiated by inserting the cyc;ldtron
probe t;> a radial distance such that the leading edge of the
target was irradiated by a beam of the desired énergy.

The variation of energy with target distance was taken from
ti;e data of Moore (Mo75) and is reproduced in Figure II.7.
The energy range covered was 35 to 90 MeV and the g;zration of

each irradiation was chosen according to the following

criteria: the fission fragment under study; the internal beam
L. This material was supplied by Atomic Energy Canada-&itd.,
Chalk River. . 3,

2.

This material was supplied by Oak Ridge National -Laboratory,
Oak Ridge, Tennessee, U.S.A.

3. The tubing was 1100 aluminium(wall thickness = lbmg/cmz)
from Precision Tube Company Inc., North Wales, Pa., U,S.A.
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Figure II.6

Target assembly at end of cyclotron probe
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| | ~ é
current; and the induced radioactivity. Irradiations varied
from S to 10 minutes and the inte;nal beam current was between
1.0 and 2.0uA.

The beam degradation in the aluminigm tubing and target
was calculated for each incident energy using the tables of
Williamson and Boujot (Wi62). Throughout the range covered

the energy loss in the target  assembly was found to be much

less than the minimum beam spread of 2 MeV. -

C. Radiochemical Procedurss

-

After each irradiation the target was dissolved in a
suitable solvent to give a solution of mixed fission products.
The radiochemical isolation of fissioq.products pertinent to
this work was then accomplished by adding #mnactive carrier
solutions for the elements under study. After a series of
purification steps the desired elements were précipitated
accprdﬁng to a suitable gravimetric procédure. This xrequired
standardization of thémcarrier solutions in order to determine

chemical yields needed for the computation of absolute

N
&

cross—sections.

In-order t@ reduce the number of irradiations, radio~—~

-chemical procedures were developed so that rubidium and cesium

could be isolated from the same target. Similar procedures

were developed.for the isolation of indium and gallium.

w

The procedures described in the following sections were

.
\
{

1

T




carried out in 40ml centrifuge tubes unless otherwise stated.
All solids were precipitated onto No. 542 Whatman filter
papers and the precipitates were mounted on cardboard holders

and held in place with "Scotch" tape for activity measurements.

Cl. Standardization of carrier' solutions ,

Bot@ rubidium and cesium carrier solutions were prepared
by dissolving a known amount of the pure chloride, dried at
110°c, gn distilled water. The solufions were then made up
to a volume such ;hat-the concentration of alkali element was
approximatelx 10mg/ml. The solutioés wéle s;andardized
by adding a slight excess of 0.5M chloroplatinic acid to 5ml
of the carrieér solutions. The resulting solutions were cooled
in an ice bath apd absolute ethanol (15ml) was-.added. The
precipitates were filtered intovtared sintered glass crucibles,

washed with cold ethanol until the wash\was colourless, dried

-at 110°C for ten minutes, cooled.and weighed as Rb,PtCl, or

,CsthC16. Three determinaffbns were performed for each carrier.
L ¥ -

L4 //.’ » - ‘ o
The gallium cafrier solution was prepared by #flissolving

a known ampuﬁE of gallium (III) oxide in conc. HCl. The
. -

-

resgltfﬁg solution was diluted to a volume such that the con-
Ce;tration of gallium was approximidtely iOmg/ml and the solu-
tion was 6M in HC1.
The indium c;rrier solution ;as prepared by dissolving
indium metal (99.9% pure) in a minimum of conc., HCl and
dilutipg with 1;5M HCl. The solution was made up to a volume

such that the concentration of carrier was approximately 10mg/ml.
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Both gallium and indium carrier solutions were stan-
dardized by prec{pitation of the oxine derivatives. The
carrier solution (5ml) was pipetted into a 100ml be;ker and
distilled water (20ml) was added.. The solution was heated to

60°C and 1% 8— hydroxyquinoline in 2M acetic acid (3ml) was’
added. Ammonium acetate buéfer (6M) was added dropwise until
a permanent precipitate formed. Five drops of a 1% aerosol
éolution was added and the precipitate was digested for five
minutes. The prébigitate was -filtered into a tared sintered
glass crucible, washed with warm distilled water (10ml),

three washings of cold distilled water (5ml), dried at 110°C

for 15 minutes and cooled. The precipitates were weighed as

. Ga(C9H6N0)3 or In(C9H6NO)3 and three determinations were

performed for each carrier.

C2., Rubidium and cegium radiochemistry

The separation of rubidium and cesiuin from other fission
products was based‘on the methods used by Evans (Ev51, 51la),
in which the alkali ions were isolated from most other fission
product cations by precipitating the latter as hydroxides or
carbonates. Further radiochemical purification was accom -
plished by La(qg)3 scavenging after which cesium was separated

from rubididam by precipitating the f?rmer as Cs3Bi219. The

i

ls: of the procedure are as foll%ws:

1.  The target was dissolved in hot conc. HC1l (2ml) and

conc. HNO3 (2 drops). Cesium carrier (20mg), rubidium

«
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carrier~(20mg), and a mixed solution of cerium
(Ce(NO,) ;- 6H,01, yttrium Y (NO,) ;- 48,01, lanthanum.
[La(NO3)3-6H20]. zirconium [ZrOClz-SHZOJ, strontium
$[SrC12'6H20], and barium [Ba(NO3)2l carriers containiné‘
Yﬁmg*of‘each cation were added to the resulting golution.
The solution was made basic to phenolphthaline by the

dropwise addition "6F 12M NaOH, and 1M Na CO4(1ml) was -

2

added. The precipitate was retained for the copper

chemistry and uranium recovery.

2. The supernatant was made just acidic with conc. HC1

and lanthapum carrier (1l0mg) was added. The solution

ke was made basic tolpﬁenolphthaline as abqye and the

precipitake was discarded. .

3. The supergatant was made jﬁst acidic with glacial

acetic acid and 1lml of Hl/hi13 reagent [Bil;(10g)

\ dissolved  in 55% HI(50ml)] was added. The solution was

‘ . cocled in an ice bath for ten minutes and CsBBizI9 was

precipitated. Greater yield was effected by scratching
the sides of the tube with 'a glass rod. The supernatant

. was retained for the rubidium purification. ‘

4. Cesium purification: The precipitate from step 3

/ above was washed with cold distilled water (7ml), cold
dil. HC1 (3ﬁ1) and dissolved in the mipimum'amount of
conc. HCl by heating to boiliqgl Rubiéium hold-back
carrier {(l10mg), distil}ed wg@ér (2-3ml) and HI-—BiI3

5\ 1

1y \ N .
( B reagent (lml) were added to the solution, and the resulting

o
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solution was cooled in an ice bath, Cesium was precipi-

tated as above, washed with d4il. HCl (2ml) and filtered

,onto a tared filter paper. The precipitate was washed

successively with 5ml portions of absolute ethanol and.
ether, dried at 110°C for ten minutes, cooled, weighed

as Cs3Bing, and mounted for activity measurements.

Yi%éds were consistently 35-40%. @

\
o

Rubidium purification: Three successivé Cs3Bi219 preci-

‘pitations were made from the supernatant from step 3

above by adding cesium carrier (l0mg), Hl;.--BiI3 reagent
(Iml) and cooling in an ice bath. Complete precipitation
of desium was effected by scratching the sideg of the
tube and cooling forhthirty minutes. The final super-
natant was bo}led with conc, HNO3 (2ml) to remove iodine,
evaporated to near dryness, and taken up in distilled
water (5ml). This effected the removal of bismuth as the
oxynitrate. Coné. HNO3 (Iml) and absolute ethanol (10ml)
were added to the supernatant and the solution was cooled
in an ice bath. Chloroplatinic acid (0.5ml of 0.5M
HZPtC16 in 50% ethanol) was added to the solution to
precipitate rubidium as the chloroplatinateL A further
5ml of ethanol was added and the precipitate was filtered
onto a tared filter paper. The precipitate was washed
with cold ethanol (2x5ml portions), ether (5ml), dried at

110°C for ten minutes, cooled, weighed as szﬁtC1') and

mounted for activity measurements. Yields were in the

I3
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range 50-70%,

C3. Indium r§diochemistry

The separation of indium from other fission products was
based ﬁrimarily on the method used by Glendenin 9&%51) in
which In253 was precipitated from a slightly acidic solution.
Cycles of palladium sulphide écavengings at acidities high
enough to keep indium in solution removed the majority of
céntaminaqts and finally lanthanum hold-back carrier remo;ed
zifconium And silver contaminants prior to the final In283
precipitation. .

Modifications to the original procedure were required for
two reasbné. First, the isolation of gallium from tﬁe solution
of mixed f#ssion products was required and secondly, a rapid
separation of indium from cadmium was needed so that the sepa-
ration time of indium from its parent activity could be known.
A later separation of indium from the decaying cadmium was
performed for reasons explained in section three. Gallium was
isolated by solvent extraction into isopgopyl ether and the
separaéion will be explained in tﬁé outline of the gallium
radigchemistry.’ The separatigg of indium from cadmium was
based on the method used by Co&qn (Co58) in which In(OH)3 was
precipitated with an excess oftgpnc.,NHAOH, cadmium remaining
in solution as the ammoniacal comblex. Copper also remained
in solution as the ammoniécal.complex and‘was recovered after

/ .
the second indium/cadmium separation., The detail}s of the

procedure are as follouws: ‘
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1. The target was dissolved in hot conc. HC1 (2ml) and
“conc. HNO, (2 drops)’. Gallium carrier (20mg), indium
carrier (20mg) and cadmium hold-back carrier (10mg as

3Cd‘b4-8H 0 qissolved in distilled water) were added to

2

" the resulting solution. The cooled solution was contacted
with isopropyl ether? (12ml pre-equilibrated with 6M HCl)
for 30 seconds and the ether layer was retained for the
gallium chemistry.
2, An excess of cbﬁc. §H40H was added to the aqueous
phase and the solution was heated to coagulate the precip-
ita e In(OHf3. After centrifugation the supernatant
was decanted and the time of separétion of indium from
admium was recorded. The supernatant was retained for
"milking" the indium growing from the cadmium decay and
for the copper recovery.
3. Thé precipitate was washed with hot distilled water,
dissolved in a minimum of 6M HC1 and diluted to 5ml with
distilled water. A further In(QH)3 precipitation was
performed. ‘\ ‘
4. The precipitate was washed as before and dissolved
in 6M HCl (10 drops). Distilled water (5ml)  and 6M
ammonium acetate (10 drops) were added and In283 was .
precipitated by bubbling H,S gas through the solution.
This precipitate was washed with hoéudistilled water.

5. The In.S., was dissolved in 6M HCl (lml) and distilled

273
water (10ml) was added. Palladium carrier (5mg, added as
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Pdcl2 dissolved in distilleg wate;) was added and PdS
preéipitated by bubbling st through the solution. The
precipitate was discarded.

6. An excess of anc. NH4OH/was added to the superndtant
to precipitate In(OH)3. The precipitate was washed as
before and steps 5. and 6. were repeated.

7. The In(OH)3 precipitate was dissélved in 6M HC1l (10

’ drops) and distilled water (5ml) was added. Lanthanum

hold-back carrier I[5mg as La(NO -6H20] and 6M ammonium

373
acetate (10 drops) were addéd, and HZS gas was bubbled
through the solution to precipitate In253.

8. The resulting mixture was boiled to coagulate the
precipitate and In,S; was filtered onto a tared filter
paper. The precipitate was washed with hét distilled
water and ethanol, dried at 110°C for ten minutes, cooled,
S

iiweighed as In and mounted for activity measurements.

273
Yields were in the range 40-60%.

4

C4, Gallium radiochehist:y

The separation procedure for gallium was a compositg of
techniques outlined in a monograph by Lewis (Le6l). The major
steps employed in the procedure were the extraction of gallium
chlorlde by isopropyl ether (Na49), followed by anion exchange
in hydrochloric acid (Kr54). The solvent extraction separated
gallium from most fission products (5i51) and provided a rapid

separation of gallium from its precursor zinc, the latter

-

5
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remaining in the aqueous phase. The principal contaminants *

partially extracted into iéoprOpyl ether were Ge, As, Mo,‘Sn,

Sb aﬁb T1l, and these were removed by anion exchange following

the reduction of any Sb(V) to Sb(III) by stannous chloride.

The details of the‘procedure are as follows:

1. The ether phase from the indium chehistry was washed
with 6M HCl (3x5ml portions) and gallium was back extracted
into distilled waéer (3x5ml portionsfl -

* 2. The resulting solution was made 3M in HCl and 3mg of
stannou§ ion as SnClz(aq.) was added. The solution was
passed down a Dowex-l1-X8 anion exchange column (100-200
mesh, l5cm x 1lcm) pre-equilibrated with 3M ECZ1l, The column
was washed with three column volumes of 3M HCl and gallium
was eluted with 0.2M HC1l into a 100ml beakér.

3. Distilled water (30ml) was added. to the effluent and
the solution was heated to 60°C. .One per cent 8-hydroxy-
quinoline (3ml) was added to the solution and M NH4C2H302

-  was added dropwxse unt11 a permanent precipitate formed.

A further two drops of precipitant and five drops of 1%

@ﬁ .aerosol solution were added to the mixture. - -

4. The solution was digested for' two minutes and filtered
onto a tared filter paper. The precipitate was washed '
with warm distilled water (2 x 5ml portions), cold distilled
water (2x5ml portions), dried at i10°C fof*ls minutes,

‘ cooled, weighed as Ga(C9H6N0)3 and mounted for activity

measurements. Yields were in the range. 20-30%,



C5. Copper radiochemistry 4

The radiochemical procedure for the recover Hof copper
was adapted from that of Kraus and Moore (Kr53) with modifi -
cations based on the work of Meinke (Me49). ,ﬁo carrier for
copper was required as the CuO in the targg# acted as c{rrier.
An additional step for the copper recovery/was emp loyed @hen
the fission products separated were rubidium and cesium as
copper was retained as Cu(OH)Z. TEB hydroxide was dissolv?d

in 6M HC1 (2ml) and an excess of conc. NH,OH was added. When

4
indium and gallium were separated copper was retained as the
ammoniacal complex and the recovéry from this stage was as
follows:
1. Barium, iron and strontium scaveﬂgers [5mg of each
cation as Ba(NQ3)2, E‘eCl3 hydrate and SrClz-GHZO dissolved
in hot distilled water, cooled and diluted to volume])

CO, (1lml) were3Added to the ammoniacal qolution.

and lM'Na2 3

and the solution was heated to boiling. The precipitate
was discarded,

2. The solution was made just acidic with conc. HC1l and
Sr, La, and Y hold-back carriers [5mg of each cation added
- 4H;,0, dissolved

2 6H; 3) 37 6H, 3) 3" 1My
* in distilled water and diluted to volume 1 were added.

as SrCl.,:‘6H..0, La(NO «6H..0 and Y (NO

CuS was precipitated by bubbling HZS gas through the
solution.
3. The precipitate was washed with hot distilled watern

~

and dissolved in conc. HC1 (1ml) and conc. HNO (3 drops)

o
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in a 50ml beaker. The solution was evaporated to dryness
and taken up in 4.5M HC1l (2ml).

-

4, The new solution was transferred to a Dowex-1-X8

» +

anion exchange column (100-200 mesh, 15cm lcm). The
column was washed with five column washes of.4.5M HC1l to
elute zZn, Co and any remaining iron, and Cu was ‘eluted
with 1.5M HCl into a 100ml beaker.

5. The solution was diluted to 10ml with distilled water
and heated to 60°C. Copper (II) was reduced to copper (I)
by adding ;olid NaHSO,, and CuSCN was precipitated by the
dropwise addition of 10% NH4SCN to a slight excess of
thiocyanate. -

6. The precipitate was digested for 20 minutes at 90°C
and transferred to a tared filter paper. The precipitate
was washed with 30% ethanol followed by acetone, dried at
110°C for ten minutes, cooled, weighed as CuSCN, and
mounted for activity measurements. Yields were in the

range 60-80%.

L )
~ D. Activity Measurements

2
.

. a

High resolution gamma-ray spectroscopy provided an effec-

tive means of studying the- isolated fission products pertinent

to this work.

The excellent resolving power of lithium-drifted

~ germanium [(Ge(Li)] detectors, tdgether with multichannel

analysers, provided -a means of studying several isotopes of

the isolated element simultaneéusiyﬁ; This was accomplished

Y~
il

i LT e
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by obtaining the gamma—ray;enérgies for the decay of nuc;ides
of interest from a standard reféfence (Le78) and assigningathe
corresponding lines in the gamma-ray Spectrum. All isotébes
pertinent to this work were studied by gamma-ray spectroscopy.
The°64Cu activity was measured by detecting the 51l-keV
annihilation photons following pos%tron decays in this isofépe.
To ensure complete annihilation of the emitted positrons the
copper samples were sandwiched between two thin aluminium

disks, thick enough to absorb. the positrons.

>

Dl. Data acquisition systems

Two data acquisition systems were used in this work. 1In
both systems the same 40cc Ge(Li) detector (Ortec model
8101-0725) , hiéh voltage power supply (Ortec model 456), and
pre—-amplifier (Ortec model 120#28) were used. During the
course of this work tﬁe original pre-amplifier was replaced
by an Ortec model 120-2F pre—agplifier. The detector, pre-
amplifier and radioactive sample were housed inside a lead
shield to minimize background from local and environmental
radiocactivity. The interior of the lead housing was covered
with a copper foil and lucite sheet to render the cavity imper-
vious to the shielding's gamma—r?ys; and éo reduce gamma-ray
back scattering. The major difference between the data acqui-

sition systems was the multichannel analyser used.

Canberra-8100 System:

This system consisted of a 4096 channel ana%zgg;_(Canberra

. -
model 8100) connected to the detector, associated electronics

[}

—_— e AR i AR S
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and digital recorder (HP model‘SOSSA). A block diagram of the
system is shown in Figure II.8(a). The conver§§on gain of the
analyser was set at approximately 0.7-keV/ channel, which was
sufficient to cover the energy range of interest. During thé
course of this work the internal‘ampl}fier,of the Canberra
analyser was replaéed by an amplifier (Ortec model 572) and
the amplified signal waé routed to the external input of the

analyger's analog to digital -convertor (ADC).

Nucleir Data-2400 System:

°

This system was used for the majority of the experiments
’performed. The detector and associated electronics were
incorporated with an amplifier (Orteé nodel 452), 1024 charnnel
analyser (ND-2400), cathode ray. tube (HP model 1208B) and
‘magnetic tape drive system (Pertec). In order: to maintain a
conversion gain of 0.7-keV/ channel and 'still cover the desired
energy range the output of the amplifier was routed, when
necessary, through a biased amplifier (Ortec model 408) that
prévided a step gain to expand the energy';ange of the analyser.

o

A block diagram of the system is shown in Figure II1.8(b).

D2. Calibration of the detector system

In order to assign the peaks in a fission-product sbectﬁum,‘

an energy calibration of the system was required. This was

o

done prior to every set of expgriments by measuring the follow-

5 o /
22 133Ba 137 207

ing standard sources: Na, R Cs and Bi, and

correlating their characteristic gamma lines to the channel

v
s

-numpers in which they peak. -

4
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An absolute efficiency calibration of the 40cc Ge(Li)
detector was required for a quantitative measﬁrement of gamma-
ray intensities. This has been done fBrrthe detector used in
this work by Chung (Ch78). The primary calibration was made
at a source-to-detector distance of 149mm for gamma-ray energies
between 80:kév and 1775-keV, using standard point sources.

A 6.5mm plastic absorber was placed immediately in front of
the detector to prevent coincidence events such as beta-gamma
summation. Whenever possible radioactive samples were ﬁeaspred
at 149mm from the detector. Very low activity' samples were
measured at 63mm from the detector and, following the recommen-
dation of Fowler (Fo72), the eséimation of the efficiency at
this distance was made relative to the efficiency at 149mm. '
This was done by measuring a moderately active sample at 14?mm
and then 63mm. By accounting for the decay in the latter case
the activity in the former case could be computed and compared
to the measured value. The difference was used to compute
efficiency ratios. This procedure was repeated ten times over
a three-year period and gave results consistent to within t7§.
The energy resolution of the detec;or system was founé

133 ‘

to be 1.78-keV for the 356-keVv peak of "~“~Ba, 1.99-keV for the .

137

1

662-keV peak of

) 60

Cs, and 2.34zkeV for the 1173-keV peak of
) "“Co, corresponding to the full-width at half-maximum (FWHM) of
’ /

the said peaks. . 7 I
Both systems were used in the "live time" mode so that

the analysers self-correctéd for dead-time losses. The

’




'

dead-times indicated by the analyse}s neve

| .
F exceeded 10%, thus

further dead-time corrections to the recorded data were not

!
l

considered necessary. N
{
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A. Analysis of Radiochemical Data

Al. Analysis of gamma-ray spectra P

As mentioned in the previous section the ND-2400 analysing
system was used for the ﬁajority of experiments. The data
were collected on magneFic,tape and analysed -using the computer
code GAMANAL (Gu72). Data collected with .th: Canberra-8100
system were recorded on paper tape and analysed mangally.

The computer code GAMANAL ana ;se the data by:ifirst
determining an average background undgr the spectrum, This
served to locate the peak regions. The background continuum
in each region was then estimated by a stepwise interpolation
method,' the steﬁ function being ;ﬁbsequently smoothed to give
‘1ge final backéround. Summation of the data over the total
number -of channels defining the peak, followed by background

sub;raction, gave the photopeaﬁ areas. ﬁach area represented
the total actiéfty of a given géﬁma—transition for a given’
measurement perio?. The standa}d deviation of this activity
was calculated as the square root of the totai peak area plus
the background. This procedure was repeated for each spectrum
recorded, The analysis of the data recorded on paper tape was
similar to the procedure'given abéve with the-~exception of the
background analysis.‘ Once a peak was defined a group of half
Jthe channels needed to span the peak was taken as background

on either side of the said peak.

&
The photopeaks of interest were identified by the energy

-
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of their gamma-rays. The energy calibratioén of the analysing'
system was obtained by measu¥ing a set of standard so\.u.'c:és~
that gave gamné\ peak positions corresponding to known gamma-
ray energies. When GAMANAL was used for the i—:\n‘alysis of the
data a least-squares fit of the calibration spectra to a fifth-
order polynomial was used, otherwise a simple linear regression

was found adequate for locating the desired peaks.

A2. Decay-curve analysis s A

The activities of the clregen transition or \transii:ions
. T~ ’
for each nuclide were in most cases \measured ten to fifteen

J 3

times over a period of at least three half-lives. For the
majority of nuclides measured decay-curves were canstructed
in order to extrapolate activities at the end of irradiation
or chemical separat{on from the parent nuclide.

The data were analysed with the Brookhaven National Labo-
ratory computer code, CLSQ (Cu72), which used a least—-sq\iares

procedure to compute the activity at some arbitrary initial
time. At a given time (t)’, the cbsérved activity A(t) is
NS
« ) F
the sum of contributions of the do ponénts (m) such that:

‘ H .

P\
a(e) =E [1; exp (X0 + V] (ITI.1)
1=1 . - ' i

‘th
J

component, )‘j is

error and statistical fluctuations. -For|each observation of
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linear with respect to the initial activity. By minimizing
the squares of the weighted residuals a least;-squares solution
of thg Ij's is. obtained. This analysis also provided the
calculated half-lives o6f the nuclides observed and served to
verify their identities. N
The initial activity (A°) of each nuclide was then correc-

ted for detector efficiency, gamma-ray abundance, and c¢henmical

yield to give absolute disintegration rates (D°):

a° 1 1 :
D° = 8—5 —_ . — (111.2)
. Y ‘I

I,Y S

detector efficiency,

It

= number of gamma-rays per disintegration,

ratio of the detector éfficiency at a given
source—to~detector distance to that at ﬁ chosen
-gtandard distance. ' |

&
Y = chemical yield,
Y
S

The decay properties of the nuclides measured in this work are

given in Table 1111 . It may be noted that 117m1n was not

measured directly but observed through the ‘decay of its daughter

11791:1. The decay-curve was thus resolved.into two components,

"1173!\1“ and ll79":[:1.

yielding contributions from
The activities due to 1349Cs were not measured until at
least 30 days after irradiation of 'Fyhe target nuclidés to allow‘l‘
ﬁor decay of other fission produci:s. The activities of 1349(25 \
were then measured uptil reasonable statistics were obtained
(statistical erkor < 6%), and the activities at the end of

irradiation were computed using standard decay equations. This

N
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Table III.l: Nuclear Properties of Products Observed in the
Lfé J Radiochemical Measurements
\"_ —
Nuclide Half-life* Gamma Rays Gamma Ray Reference
- Observed (keV) Abundance (%)
- .
i, Scu 12.70h 511,00 38.6 . (Le78)
125, 14.10h 629.90 24.4 -
834 .02 . 9506 1
¥y 32,904 881.60 74.0 .
86pb 18.82a - 1077.20 8.8 "
1l6my, =~ 54.10m 416.86_ 32.4 "
17my, 1.93h 552.90 99.7 ;
, 11791, 42.30m 552.90 99.7 "
i§2Cs 6.47h 667.50 - '97.5 ;
Meg 2.90n 127.42 12.5 ;
acg ,2.06y  604.66 97.6 "
o - ~ 795.76 -85.4 "
- '_4" }'" , 136 ’ .
11 ' Cs l3|lodn ' 340 .57 46 og ”
- : 818.50 99.7 "
%, \

< "k me Q}nutes; h= hours;’df days; y= years.

‘+ Followed through the daughter.

Y
o

T

-.19 -




i procedure was also employed for the observed activities of

84 23 86 235

» - 'Rb from 5U(p,f) reactions and Rb from U(p,f) reactions

at 40 and 50 MeV. Decay-curves were constructed for all other

[S

measurements.

A3. Cross-—section ecalculations

¢

1. Genéral equations: .

The disintegration rate (D;) of a nuclide at the end of

<

irradiation can be related to its formation cross-section (op)

according to the equation:

o

o - ! X
D =1 [l-exp(-A_t. ) I11.3
- Dy npo, exp ( )\p b) N )

]

beam intensity of the bombarding particle, number.
of protons/s, ;

where: I
f

‘number of target atoms/cmz,

]

R
[}

s > 2
formation cross-section of the product, cm”,

decay constant of -the product, s,

>
o v
n

= duration of irradiation, s,

*

-

As stated before, the beam intensity was not measured directiy,

6

but monitored using the 5Cu(p,pn)(MCu reaction cross-sections -

measured by Newton et al. (Ne73). The cross-sections of this

v

reaction are listed in Table III.2. The disini:qgration rate

64 g ’

of " 'Cu at the end of irradiation can he related\ to its forma-

‘,l

tion Rross—section by an equation similar to.equation (III.3).

Th}ls: I , A |

-~

" ' o _ _ _ ; : .
| (4,,) ' i Dm = Ix?m, om(l exp ( ')‘mtb)] | (XX1.4)
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‘Table III.2: Monitor Cross_—-%tions used in this
. Work
Incident Proton Cross-sections Reference
, ~ Energy Ep(MeV) (mb)
T35 ] 2497 (Ne73)
” 40 244.6 u
o 45 194.5 .
i 50 186.6 "
55 i 178.2% \ "
- 60 169.7* "
765 162,5* "
70 s 155,3% "
“ 175 151.5*% "
: j R 80 146.2* .
« <L 90 140.7 "
B ' o
s * Inte_a'rrjpoiuéted values.
2

g
A
ot
’M
L

.
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where the subscripts m’ and m refer to the monitor and the
reaction product of the monitor respectively. The formation
cross-section of the desired fission product may then be

determigéd relative to the known monitor cross-section by

lcombining equations (III.fi) and (III.4): .
n (l~exp(-\_t, )]
L2 m b (II1.5)
N [l-exp(—)\p p)]

{.4 [a)

n

The beam .1ntens.1t1es cancel out in the‘f ove equation as both

the target and monitor nuclei were subjected to the same beam

of protons for the same period of time.

-

The number of atoms (n) in equat&on (II1.5) was caiculated

ds follows: ¢

W-f
n = -———*Ab~N~A
AW

J

w_heré: W = the weight of 4}33UO2 or 235“308 f;br the target and

the weight of Cu0O for the monitor, g,
f = the fraction of 233U or 235[] in /'/eacih target oxide
and the fraction of Cu in Cu0 f¢r the monitor,

A, ‘= the isbtopic abundance of the target nuclide,
2 ;
AW =ﬁ"’(:he atomic weight of the tarsfet nuclide, g/mole,

‘ N = Avogadro's number, atoms/mo},
2

“Aeg = effective area of target or//f'nonltor, cm®,

As ment:.oned 'in the section on target preparation the

B 233U targets were 1sot0p1cally pure, thus A«b =1, The 2350

(} oo ' targbts were ‘enriched to 93%, the isotopig impurity being-

PRI
* v
*
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(o |
) 2340(1%) and 238U(G%) . When computing the formation cross-

sections of fission products from the 235U(p,f) experiments -,

the 234U impurity was neglected but the following corrections

were applied to account for the: 6{/238U present. The isotopic

abundance of the target nuclei was taken as 1 and the atomic

235

. weight was computed as 93.5% of the atomic weight of U and

6.5% of the atomic weight of 2380. "The total cross-section

(O’T) may thus be computed as:.

= (0.93502°> + 0.065028) (I11.7)

By _1'*

>

o:
T (Ei)

235 = the formation cross-section of the desired

EI
1 fission product from 235U(p~,f) at energy Ei' .

N where: o

0'238 = the formation cross-gsection of the co:jre’spondixgg

E.
1 fission product from 238U(p,f) at energy E;

235

Equation (III.7) may be rearranged to give: w] )
. (0.935 * 0.065)027° - 0.065(v?*%-0238)
i

g,

~T(Ei) |
~ ' ’ .+ (II1.8)

0?35. ¢ + 0.065 (62325238,
E; T(E;) E;

'
%

.

P © One iteration of the above equation was found sufficient to
' obta:m the desired precision for 0‘235. Aithough the results

i
- obtained umng this method do not differ markedly from those

obtalned assuming the lSOtOplC abundance in equation (I1I.6)

to~ be 93%, this method was consxdered essential for correctmq

¢
<

() the isotopic distributions, where the small contribution from L

. 238y may effect the position of the qc;ni::oids. Fur thermore,
C Co L )

4 ’
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A}

as can be seen ﬁ,rom.equ'ation(III.B) , the errors in the cross-
section measurements are not greatly altered by employing this

method. The monitor-corrected Rb and Cs cross-sections from

23

the 8U(p.Ji) reactions 'used inu ‘these corrections were taken

from the data of Davies and Yaffe (Da63), and the 238(&(p,f)1n

data -were taken from Chan et al,(Ch77),

h

2, Calculation of disintegration rates at the end of irradiation’’

64Cu,84 ,86

~The-decay curves of the nuclides Rb and

13?' 134m, 136Cs were extrapolated to the time at the end of

s

irradiation and the 134905 activity was computed at the end of
ifradiation, as these nuclides were shielded from feeding by
precursors. The disiﬁtegration rates subsequently, obtained’

were therefore applied directly to equation (IXII1.5) to compute

d

" independent formation cross-sections, .The nuclide 72Ga,‘wa_s

considered to be effectively shielded from its precursor 722!1

(tl/2=46.5 hours) as the time of chemical separation of ’Eﬁ‘gse

elements never exceeded 20 minutes after the end of irradiation.

The cross-sections of 72Ga were therefore calculated directly
, - )

"

using gquation (III.5). . : Tf'f .
The, nuclides 117"",117911) were, n@ﬁ shielded from tfféjir -

ll'{m,ll?ng

- The decay-curves for these fuclides

A}

precursors

were thus extrapolated to 'the time of chemical eraratiqn of
- /

cadmium and ‘indium. In order to compute, independent formation

cross-sections it was necessary to correct the disintegration

- 6

orates for contributions c}ue to decay of the precursors. The

o

[

»
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pPertinent sections of the decay chain for mass 117 are shown

in Figure (IIXI.1l).

The genetic relationship of the indium )

isomers can be illustrated as:

( ll7gCd .
(D) i S
. Al
117m : 1179, x 17
(D.) 2 (D,) 3
Ay 2 3
117 g )
fea (I11.9)
(D,)
and :
ll7gCd
(Dl) -
A:\\ 1174 . 117
(D In ——;~——¢ Sn (111.10)
,\V 3) 3
‘ 1-8
117 ca
(D4) |

The computation of

]

the branching ratios given in Fiqure(III.l),

the decay constants,

= the disintegration rates of the nuclides
indicated:

the indiun disintegration rates at the end

\
of irradiation required solutions of the differential equations

for the successive radioactive transformations indicated by

(I11 .9) and

Lol e

(IIT.10). Since the indium nuclides were produced

through decay of their cadmium precursors as well as directly

during irradiation two timed separations of indium from cadmium

¢




Figure III.1l

Decay- chain A = 117

R S



oS
US.u
+Z/l
>uxw.wmw— ‘ +m\n
POTT o\ T
o
>o$m.~.mm +uL
oy
’ Yl
wezr 4
iLy

yee't

Lt sk STV, AR

gr |
POu. _,
+N\ﬁ




-
e s bt

- 69 -

N\

were employed to cor’f:ect_for the feeding from the cadmium

>
nuclides. The following times are thus defined:

. T = time at the end of irradiation,
to = time of the first In/Cd separation, )
tl = time of the second In/Cd separation,
d At = duration of the "milking" = tl—to}:‘

The general differential equation to account for the successive
radioactive transformations is of the form: i
dnN

__n=N
dt

ne1¥ o1~ N (III.11)

where N is the number of atoms of nuclide n. Noting that the

disintegration rate Dn=XnNn, the solution of equation (IIX.1ll)

-

is:
n
Dn(t) =n}:=:lcn exp(—Ant) ’ (Xrr.12)-
where: o
X PR An N}
c = ‘ (III.13)
n O-AdQ2-Ap). . ... O poa- Ap?

The following terms are thus defined:

, ' s P2 b= A3 o= s
A=A A3-A4 A3-)y
d = A2 ) f = ._._-—-Aa . | g = A2
and : Ag-)3 . Az=dy Aa=Xy )
C, = ab exp(-),At)-ac exp(-A,At)-bd exp(-)jAt),
C, = atexp(-),8¢t)- exp(-2,4t)1,
C3.= b[exp'(—’\lAt)— exp(:—XBAt)] ' ) )

~
(@]
il

4 = 9f exp (-} ,A¢t)- gc exp(-X ,8t)-fd exp(-};4¢t),
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C

C

5 g[exp(:xddt)~ exp(—sztH ’

6 f [eXP(“A 4At) - GXE("A 3A‘t)] .

" For the path indicated by (I1I1.9) the disintegra:zion rate of

117gIn and 117mIn at time t,

ities at time to by:

is related to the cadmium activ-

D3(t1) = y[aClDl(to) + BC4D4(to)]

DZ(tl) = uCle(to) + BC5D4(to)

;
u11.1@
s

*{III.15)

and for the path indicated by (II1.10) the disinzegration rate

of ll?gIn(Dg) will be:

,

D3(t1) = (l—a)CBDl(to) + (1—3)CGD4(to) f@.’lG)

-«

After "milking," the observed activity of

117gIn,“for a given

measurement period, t, is given by the following schemes:

117m, y 117g,

117S

i) n

A2 A3 H
ii) 11791, 175, ,

A3
and the following equations: ] -
i) Dy (t) = yeD,(t,) texp(-A,t) - exp(-A 3t)] ‘ITI.17) /)
) - _ ’ N — :
11)93(t) = Dy(t;) exp(-A;t)+ Dy (t;) exp(-A3t) ‘I11.18)

Adding equations (III.17) and (III.18), and subs:ituting for

D,(t;), Dy(t,) and Dy (t,) gives:

"

K

D3(t) = YC[aC?_D (to)+BC5D4('to)] exp(-xzt) + 'IT1.19) \

-

5

{[yucl+(1—u)c3—ycaczlbl(to)+[yec4+(1—e)cﬁ—ycsC5104(to)}exp(—A3t).

The disintegration rates of

117m

In and

1Y7g

In are dmplitudeS'of
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decaying terms in equation (IXX.9). %The disintegration rates

of-ll7m1n and 117gIn at time t, are thus gvi,ven by: ,)
' N\ .
D,(ty) = YcraC,yDy (t ) + BC.D,(t N (I11.20)
D3(tl) = lyuCl-!-(l—a)CB—'ycaCz]Dl,(to) -+ _ .
- - (I11.21)
p [YBC 4+ (1 B)c6 yce§5104(to).

A similaf set of equations will relate the indium activities
at time to to the cadmium activities at the end of irradiation.

The same notation may be used except,for replacing 8t in C
b4 1-6

by to—T. The net indium activities will, however, result from

beta decay through the chain , in addition to that formed

independently. Thus:

- ’ ’ - - '
Dz(to) = Yc[chDl(T)+BC5D4()T)] +D2(T) expl Az(to T)1 (IXIX.22)
D,(t ) = IyaCi+(l-a)C,-ycaC,1DL (T) +

3'"o ;'l ’3 ’2 (Xxr.z3)

where: s ‘B\J

Dl(T) = Dl(to) explxll(to-'l“)l ’

D4(T) = D4(to) exp[A4(to—TH v

4 - . -
Ci1.6 = Cj.¢ ot replaced by (t -T)1,
D, 3('1‘) = ‘disintegration rates at end of .irradiation.

From equations
D4(t0) were ob
end of irradia

and (III.23).

i r e et i e - -

|
(I11.20) and (IIX.21) the values Dl(to) and
tained. The indium disintegration rates at the

tion were then computed using equations (III.22)

These disintegration rates were applied to

1
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equation (III.5) to calculate independent formationh cross-

-

sections.

A4. Error analysis

Both systematic and rafidom errors were encountered in
the radiochemical experiments. These errors are listed in
Table (III.3). The random errors were those arising from

imprecisions in the measurements. The errors in the peak area
determinations were statistical errors and their variations
were due to the yields of the nuclides studied and the back-

grounds associated with the measured peaks. The errors in

the decay-curves were a result of the photopeak determinations

and the agreement between the measured- and published half-lives.

The error in the sample geometry was due to computing a

detector efficiency at a source-to-detector distance less than
-* _—
that at which the actual f:hotogeak efficiency was measured,

This error only affected the rubidium measurements where both

the branching ratio of the gamma-ray and the formation proba-

bility were low. No error was assigned to the chemical-yield
7/

measurements as the precision of the analytical balance used

was 10.01lmg and the weights of the solid samples ranged from
4

10 to 20mg. An error has been assigned to the weighing of the

. target material to account for the procedure employed. The

target material was weighed in a closed vial and transferred
to a sealed glove-box. The taréets were then prepared and

each sealed target was weighed. The discreparicy between the

e X L ah S ek
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. Table III.3: Systematic and Rardom Errors \in the
Radiochemical Measurements \&
.. 0 -
¢ T :
TYPE OF ERROR “IERROR
Systematic Errors
Z, . . 65 64
Monitor Cross-sections for Cu(p,pn) Cu +5.9%
Efficiency of 40cc Ge(Li) Detector £2.7%
Random Erroxs
Sample Geometry ‘ ) N 7%
Peak Area Determination +1-6%
Analysis of Decay Curves +1~6%
Pipetting ® tl%
Standardization of Carrier Solutions 1%
Weighing of Target Material $3%

Py A



initial weight of the target material and that obtained from
each sealed target was taken as the error in the wéighing of

the target material.

The systematic errors were those due to an imprecise
knowledge of certain constants used in the cross-section

calculations and effect all experimental results equally. The

6

error for the 5Cl.l(p.pn)G‘ICu cross—-sections was the value

NN

quoted by Newton et al. (Ne73) in their monitor work. The
error in‘—the detector efficiency was that guoted by Chung (Ch76)
‘for his-measurements. No'error was assigned to the published
decay characteristics of the nuclides studied.
The final errors in the determina ‘{on of the formation
-

cross—-sections were calculated as the square root of the sum

of the squares of the individual errors cited in Table III.3.

B. Analysis of Mass-Yield Data

+

Bl. Analysis of mass spectra

The data analyses of the mass spectra were carried out
using a PDP-15 mini—:-computer. The mass spectra were first
corrected for dead—time losses. Peak areas were then obtained
and the background wunder each peak was subtracted. The back-
ground was obtained by averaging the data 6n each side of a
giv’e}i pfak. The mass-peak areas in the background spectra
were then subtracted from those in the "beam-on" spectra.

-

Finally, the peak areas in the left- and right-hand spectra were

o

’
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summed to give relative isotopic yields of the elements under
study. The uncertainties due to dead-~time losses, peak-area
determination and left- and right-peak summation were also
computed. The isotopic yields thus obtained required correq;
tions for mass disé¢rimination effects due to distortions in
the modulated high voltage, and corrections for beta decay of
very'short—lived isotopes and added yield due tg{feeding from
precufsors. \h

The mass discrimination effects were obtained by collec-
ting spectra of l34_1388a over the entire sweep amplitude. By
comparing the relative yields of these isotopes to their
natural abundances correction factors for each peak position
in a data group were obtained.

The corrections for Sgta decay of short-lived isotopes.and
added yield due to feeding from precursors were computed using
a code devised by Clara (Cl78) that accounted for successive
radioactive transformations. As described in the experimental
section diffusion curves were measured before and after each’
experiment and fitted to.two decaying exponentials. Knowing
the relatiye weights, wi(t), and decay constants, Xi, of each
diféusion mode, the relative production of an isotope in a

particular mode was obtained using the following relation:

3

*
1 N.+A W.(t)
. R, = ——3t . i

i
m xi

(I11.24)

1—exp[-()\i+ )t) tl

*
where m is a normalization constant and A is the decay

.

st 4 o e e m s e n e b i e s s & Bl i de A Bviae e neated W



e

“““ T . | 2 \
i - 76 -

.
2

constant of the isotope.- Since the diffusion characteristics
are of a chemical nature correction factors were—obtained for
all ﬁhe isotopes of a particular element by measuring the
diffusion curve of only &ne isotope.

To account for feed&ng by precursors the rate of isotope
production due to bgta decay of the precursors was required.

1

Thelrelative contributions were calculated by applying equations
of the type (III.11-III.13). The solution of these equations‘ 9
has been given by Clara (Cl178). “These corrections required

the ratio of production of the precursor to that of the .isotope
being studied. This was approximated assuming equal precursor
production to isotope production for equal N/Z ratios. The
correction factors change the shapes of the isotopig distribu-
tions which in turn change the ratio of precursor production

to isotope production. An ite;ative process was thus employed

to obtain more precise correction factors. A judicious choice

of the timing sequence and irradigtion pulse, together with the
speed’ of the on-line mass spectrometric technique, prevented
substant%Fl decéy of the isotopes under study and also excessive
interference due to feeding from precursors. Thus, corrections
to the data never exceeded tl% in the peak regions of the distri-
butions and t3% at the edges of the distributions. Therefore,
%}though the assumption of a constant N/Z ratio for neighboﬁring

products may not be true throughout the mass ranée studied,

" deviations from this assumption will only have a minimal effect.

The activities of the Ga isotopes were too low for diffusion

1
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curves to be measured. Beta decay and precursor feeding
corrections were therefore not applied to the Ga measurements.
However, although the Ga data are only considered tentative,

the magnitude of the corrections for the other isotopes

neasured warrants the inclusion of these data in the present

study.

B2. Normalization of the relative isotopic yields to

independent formation cross-sections

d
i [

" The corrected relative isotopic yields were converted to
independent formation cross-—sectj;‘?ns by normalizing the rela-
tive yields of the appropriate isotopes to absolute cross-
sections measured radiochemically. The isotopes used for the
' 72Ga'84,86Rbik16,ll7In ana 132,134,136,

normalization were )
116 4 2

The normalization to In wai{s only computed for the

By(p,£)

reactions as there was very good correlation between the 116111

yields inte’rpolsated from the normalization to 117In and the

1
llGIn yields computed assuming the isomer ratios of 161n and

Uiin to be the same. Although the correlation still existed

235U(p,f)In results it was not as good. The normali-

zation was thus only made to ll7In. ‘Whenever the normaliza-

for the

tions were made to more than one isotope, the final isotopic
yields were computed as the mean of the separate normalizations.
The normalization errors given in the séction on experimental
results reflect the accuracy of the radiochemica; measurement

or measurements used for the normalization. The errors given

for each isotope, however, reflect the accuracy of the mass

.
TR —na - J T T 1 s
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spectrometric measurements. N

In sthe case of the 235U1p,f)" results the isotopic distri-

0

butions were first normalized to the total cross-sections
uncorre_cted for the 6% 238U,impurity. This was because.the
target material used for.: the mass spectrometric measurements
was als\o isotOpically'enriched. The cross-—-section fqor each
isotope was then corrected using equation III.8. The isotopic

yields from the,238

U(p,f£) reactions were taken from Lee et al.
(Le75) for rubidium and cesium at 80 and 100 MeV, Tracy et al.
(Tr72) for rubidium and cesium at 40 and 60 MeV and Chan et al.

(Ch77) for indium.

B3. Analysis of isotopic distributions 7

Certain properties of the isotopic distributions arg

important in relating the experimental results to the fission

-~

process. These properties include the centroids, full-width
at half-maximum (FWHM), and shapes of the distrihution. In

order to characterize the distributions a statistical moments

’

analysis was carried out.
The first moment of the distribution gives the mean or

centroid of the distribution and is defined as:

_ LAY,
M, = A={a) =331 ‘ (III.25)
C Ty, :

.- «

where Ai is the mass number &f e ith isotope in the distri-
bution and Y, is the corresponding yield. The second moment,

Mz, is a measure of the variance 02 and is given by:




M, =0 = (III.26)

The square root of the variance is the standard deviation of
the distribution. Higher moments have the form:
K"y
Mn = (I1I.27)
Ly,

and sample towards the edges of the distribution. 0dd moments
reflect the degree of asymﬁetry ‘of a distribution about the
mean value, and even moments reflect the degree of "peakedness"
of the distribution. These characteristics are defined in

terms of the second, third and fourth moments as follows:

M
Skewness =—3 (I11.28)
M 3/2
2
M N
Excess =— - 3 (ITII.29)
M,

Gaussian distributions have a skewness and exces%.of zero.
Asymmetric distributions that have a larger area on the left
have a positive skewness and these that have a larger area on
the right have a negative skewness. Peaked-distributions wiph
respect to a Gaussian shape have a positive excess and flat

distributions have a negative excess.
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EXPERIMENTAL RESULTS




A. Excitation Functions

The independent formation cross-sections of nuclides
studied radiochemically for the proton-induced fission of

2330 are given in Tables 1IV.1 to IV.3, and their excitation

functions are’:;;wn in Figures IV.l1 to IV.5. The independent
formation cross-sections of the’same nuclides formed from the
proton-induced fission of 235U are given in Tables IV.4 and
IV.5, and their excitation functions are shown iﬁ Figures 1IV.6
to IV.9. All cross-sections, together with their associated
errors, were calculated as described in the section on data
analysis. As shown in the excitationlfunctions, an energy
spread of t2 MeV has been assigned to each measurement to allow
for the energy resolution of the internal beam of the McGill
synchrocyclotron,

132’134'136Cs have been

233

The excitation functions of

measured previously by Tomita and Yaffe (To69) for U(p,£f)

and Saha et al. (Sa7l) for 235U(p,f). Their data, renormalized
to the monitor cross-sections used in this work, are compared
to the present measurements. For most of the data there is
good agreement between the various studies.

The measurements of the independent formation cross-
sections of 117m1n,117gln,l34mCs and 134m+ng allowed isomer

117

ratios of these nuclides to be computed. The results for In

are given in Table IV.6 and shown in Figure IV.10. The data

from Hageb¢ (Ha65) and Sarkar (Sa74) for 2380(p,f)1171n are
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also shown in this figure. Each isomer ratio has been computed
as the cross-section of the high-spin state divided by that of
the low-spin state, as this is the form most commonly reported

i
in the literature for 117,

n. The results show that the isomeric
yield ratio is independent of the target. This supports the

f
findings of hagebg (la65) that the isomeric-yield ratios of

117In are the same for bismuth, thorium and uranium targets.

The increase in the isomer ratio of 1171n with an increase in
the bombarding energy is quite different from the isomer-ratio

134Cs. The results for this nuclide are

trend’observed for
given in Table. IV.7 and shown in Figure 1IV.ll. Each isomer

ratio has been computed as the cross-section of the high-spin
state divided by the total cross-section, as this is the form
most commonly reported in the literature for l34Cs. The results
from Saha et al. (Sa69) are also shown in Figure IV.ll, and in
general there appear; to be no dependence of the ratios on the
targets. A slight increase in the ratio with an increase in

the bombardihg’energyéseems evident although the large egpzor
bars may indicate a constant ratio throughout the energy range.
In general, it can be seen from both Figures IV.10 and IV.1ll
that the formation of the high-spin state of an isomeric pair

is favoured. Several studies on isomer ratios (Wa64, Ha65, Sa69)
have concluded that angular momentum is generated in fission.
This appears predominantly as intrinsic’Spin of the primary

fragments, which results in an enhancement of the production of

the higher-spin isomer. As the energy of the bombarding




particle is increased more angular momentum-is deposited in the

target nucleus and this manifests itself as an increase in the

isomer ratio. Such an explanation may account for the ll7ln

results but does not explain the 134Cs data. Khan (Kh69) has
suggested that constant isomer ratios with an increase in

energy may be the result of several factors such as: the
increasing importance of direct reactions at higher energies
resulting in less angular momentum transfer; an increase in the
orbital angular momentum of the primary fragments resulting in
less intrinsic spin. However, such explanations are at variance

117

-
with the interpretation for the In data and a complete under-

standing of isomer ratios in fission is still in order.

B. Isotopic Distributions

The isotopic yields of Ga,Rb,In and Cs from 233U(p,f) are

given in Table IV.8 to IV.11, and the isotopic distributions
are shown in Figures IV.12 to IV.15. The isotopic yields of
Rb,In, and Cs from 235U(p,f) are given in Tables 1IV.12 to 1IV.1l4
and the corresponding distributions are showp in Figures 1IV.16
to IV.l8.
The full energy of the external proton beam of the McGill
A

syﬁchrocyclotron was taken as 102 MeV in accordance with the

range-energy measurements of Newton et al. (Ne73), and lower

-

"energies were obtained by degrading the beam as explained in

the section on experimental procedures<.,The proton-beam energy




associated with each digtribution was computed as the mean
value between the energy entering and leaving the target stack.
Thus the energy spread for each mean value is as follows:

$1.9 MeV at 100 MeV; t2.4 MeV at 80 MeV; %2.8 MeV at 60 MeV;
+3.6 MeV at 40 MeV. All mean values are given to the nearest
MeV.

The normalization of the relative isotopic yields to
independent formation cross-sections has been explained in the
section on data analysis. For all nuclides studied radio-
cﬁ%mically the formation cross-sections at 100 MeV were extra-

’

polated from the excitation functions and the associated errors

s

were computed relative to those at 90 MeV.

For each element the isotopic distributions have been
displaced along the ordinate by the scaliﬂg factor given in the
figures. This was done for clarity and to make more readily
visible the shift of the isotopic distribut&ons to lower mass

nunmbers with increasing bombarding energy. .

&
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Table 1IV.l: Independent formation cross-sections

84,86 2

of 72Ga, Rb from

33y (p, £)

FORMATION dBOSS—SECTIONS (mb)

Pp (V) 72 84 86

Ga Rb Rb
40 - - 3,540.5
45 0.540.1 - -
55 1.040.1 - 4.7%0.8
604 - 0.21+0.05 5.240.8
65 1.240.1 - —_—
70 - - 5.240,7
75 — 0.4+0.1 5.6+0.9
80 1.840.2 0.5t0.1 6.740.7
90 2.1$0.2 0.7t0.2 7.8%1.5

~/



Table IV.2:

_ 85 -

Independent formation cross-sections -

of 116m,117g,107mbgy oo 233 ¢

L4
T

"’ FORMATION CROSS~SECTIONS (Mb) .

Bp (MeV) 1l6m 117g 117m+g

In In ' In
35 2.4%0.4 7.8%0.8 10.0£0.9
40 3.410.3 9.6£1.0 12,0¢1.0
45 5.9140.6 14.141.2 16.441.3
60 6.240.6 16.2¢1.4 18.811.4
65 9.8%1.0 20.8+1.8 23.3#1.8
80 12.81.2 23,7¢1.9 26.3:2.0
90 26.2¢4.4 28.5%4.5

15.5¢2.4
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Table 1IV,3: Independent formation cross-sections of

132,134m,l34m+g,l36Cs from 233U(p,f)

FORMATION CROSS-SECTIONS (mb)

"p eV 132 134m 134m+g 136
¢ Cs Cs Cs Cs

40 7.5£0.8 16.4:1.2 22.3:1.7 24,2¢1.4
55 10.8+1.0 18.7+1.4 21.9£2,3 22,4:1,4
60 Y 11.8:1.0 17.3£1.3 20.5¢1.6 19.241.0
70 - 13.8%1.2 18.611;6 19'211ﬂ0
75 13.311.4 15.7¢1.2 20.5¢1.7 18,8+1.1
80 14.3%1.5 15.1+1.3 21.@3}.5 19.0:1,0
90 24,141.5 15,2:1.3 20.6t2.1 L TR

—98.—
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. Figure 1IV.1

Excitation function for the independent formation

of 72Ga from 233U(p‘;f)
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FigLre IV.2

Excitation functions for the independent formation

of 84rp and 8®rb from 2330(p,f)
m: 84Rb
86

o: Rb
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Figure IV.3 o <

Excitation functions for the independent fprmation

. B
of ll6mIn and ll?ﬁ?qIn from 233U(p.'f)
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Figure 1IV.4 s

Excitation functions for the independent formation

of l34mCs and 134m+ng from 233U(p,f)
o: l34mCs
This work
°: 134m+ng
o: l34mCs "  Renormalized data from :

n: 134m+ng Tomita and Yaffe (To69)
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= Figufe IV.5
]
Excitation functions for the independent formation
of 132Cs and 136Cs from 233U(p,f)
'oH 132Cs '
This work
o: 136Cs
!
132 .
o: Cs Renormalized data from
= 136Cs Tomita and Yaffe (To69)
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Table 1IV,4: Independent formation cross-sections of 84,86pp
; ' ana 116m,117g,11Tmbgy oo o 235, o
FORMATION CROSS-SECTIONS (mb)

Fp eV 84 86 116m 11%g 117m+g

Rb Rb In In . In
40 - 1.00+0,18 0,41+0.07 2.8+0.6 3.5+0.6
50 - 0.930.15 1,0t0,1  5.8:0,8  6,9%0.7
60 - 1.12£0.14 3.7£0.4 6.7:1,0 7.8%0.9
70 0.06:0.01 1.34%0.16 5.4+0.4 9.1£0.9 10,2£0.9
80 0.10+0.03 1.85+0.30 5.8+0.5 9.4+1,1 10.4%1.0
90 0.17+0.03 2.06%0.27 6.2%0.5 9.3%1,0 1it2:o.9

=

_ZG—
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Table 1IV.S:

Cs from 235

Independent formation cross-—-sections of
132,134m,134m+qg,136

U(p.,£f)

E_ (MeV)

FORMATION CROSS-~SECTIONS (mb)

¥

p 132, 134m, 134m+g 136,
40 1.8£0,2 6.5£0.5 9.4%0.9 17.2+0.9
50 3.3%0.3 9.7+0.8 12,1+1.7 16.0+1.0
60 4,0£0.3 9.2£0.7 12,4$1.3 12,940.9
70 4.2+0.3 8.2+£0.6 10.3+1.1 10.0+0.7

- 80 & 5.0£0.4 8.0£0.6 9.6£1.0 10.1+0.6
% \ 5,0£0.5 7.810.5 8.6%1.3 8.7%0.7

_86..




Figure 1IV.6

Excitation functions for the independent formation

of 84Rb and 86Rb from 235U (p,£f)
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Figure 1IV.7 -

Excitation functions for the independent formation

of M6Myn ang 117™914 from 23E‘U(p,f) ‘
o 116m1n
o: 1l7mtgr
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Figure 1IV.8

Excitation functions for the independent formation

€?6f l34mCs and 134m+ng from 235U(p,f)

N
o: 134mCs
-, This work
°: l34m+ng
o: 134mCs Renormalized data from

m: 134m+9€s Saha et al: (sa7l)
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Figure IV.9

Excitation functions for the independent formation

132Cs and 136Cs from 235U(p,f)
o: 132CS
This work
o: 136
a: 132Cs Renormalized data from
Y
.. 136,

s Saha et al., (Sa7l)
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Table 1IV.6: Isomer Ratios of In from
233'235U(p,f)
(11791, 117my

p (MeV) 2335 (p. ) B (p. )

35 3.5%0.8 -
40 3.7+0.8 3.6%0.9

45 6.1t0.8 -
50 - 5.0£0.8
60 6.4+0.8 6.3t1.0

65 8.2¢1.0 -
70 -- 8.2%1.0
80 9.2+1.2 9.2+1.0
90 11.5+#3.0 10.8%1 .4
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Figure 1IV.1l0

Isomer ratios of ll7In,

O(IllgIn)/a(ll7mIn)
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Table IV.7: Isomer Ratios of 134Cs from
233'2350(p,f)
ag./o
Ep(MeV) m/%msg
233y (p,£) 235y (p, £)
40 0.73%0,08 0.691:0.08
50 - 0.80:0.13
55 008510011 : - —
60 0.84+0,09 0,74+0.09
. 70 0.7410,09 0.80+£0.10
75 0.76120.08 -
80 0.70£0.08 0,83+0.,10
90 ' 0,74%£0,10 0.9010,.15
h T
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Figure IV.11 e ™
Isomer ratios of 134Cs,
o(l34mCs)/a(l34m+ng)
from 233U(p,f) This work
from 235U(p,f) This work
from 233U(p,f) Saha et al.(Sa69)
from 2-:“-’U(p,f) Saha et al.(Sa69)
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Table IV.8: Isotopic Yields of Ga from
N »
CROSS-SECTIONS (mb)
MASS NUMBER
Ep= 80MeV . 100MeV
aam
71 2.1%1.0 0.7£0.6
72 1.8%0.2 (2.3)*
73 9 3.011.; 3.7+1.1
74 6.5t0.8 7.320.7
75 6.720.7 8.210.7
76 4,5+0.5 6.0+0.6
77 2,210.6 4.9%£0.7
78 - - 1.840.5
i
Total
Cross-section 31.3%2.0 34,9£1.9
Normalization //ﬂ
Erxror +11.1% +9.5%

*Extrapolated from

excitation function,




Table IV.9: Isotopic Yields of Rb from 2

33U(p,f)

CROSS~SECTIONS (mb)

- €0T -

MASS NUMBER
Ep= 40MeV 60MeV 80MeV 100Mev
83 - Ir - - 0.26+0.04
84 - 0.21%0.05 0.54%0.05 1,00+0,04
85 -- 1,.9% 3.6+0.2 6.2+0.2
86 3.5%0.8 4.7+0.5 6.3+0.5 9.2%0,.5
87 8.910.8 11.620.6 14,240.5 18.4%0.5
q 88 18.8+0.9 20.30,7 20.5%0,6 26.410.6
89 26.7+0.,7 26.810.7 25,910.6 30.1+0.6 -
90 29.4+0.7 27.5%0.6 26,2+0.5 29,0%0.5
‘ 91 24,8%0,7 23,7%0,5 21.8%0.5 24.4%0.5
g 92 14,6+0,5 13.3120.4 12,3%0.3 14,120.4
93 7.2%0.4 6.1:0.3 5.8%0,3 6.1£0.3
A 94 1,7£0.4 2.0+0,2 1.6%20.2 1.7+0.2
| ,,
N Total )
3 Cross-section 135,6%2.0° 138.1%1.6 138.7+1.4 166.9%1.4
Normalization
Error +16.6% $15.4% +10.6% - £17,2%

*Interpolated value,
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Table 1IV.10:

Isotopic Yields of In from

2330(p,f)

a=

MASS NUMBER

CROSS~SECTIONS (mb)

Ep= 40MeV 60MeV 80MeV 100MeVv
113 - - 0.3t0.4 1.1+0,2
114 — 1.3¢£1.2 1.720.5 3.4%0,2
115 0.3x0.6 2.9+1.0 5.5+0.4 9,.5%0.,2
116 4,.3+0.6 8.3£1.0 14.7%0,5 18.7+0.2
117 11.2+0.6 16.6¢1.0 25,3%0.5 28.0x0.,3
118 22,3+0.7 26,9:1.1 35,1+0.7 34.810,3
119 33.6%0.9 33.0%1.3 37.7%0.7 37.3%0.,3
120 35.4£0.9 29.0£1.3 32,6+0,6 31,1+0,3
121 28,7+0.7 21.1+1.1 23.7+0.5 23.0%0,2
122 17.5%0.7 12.4+1.1 14.2+0.5 14,1%0,2
123 9.3:046 6.3%t0.9 7.0£0,4 6.710,1
124 2,50.,5 2.1:1.0 2.9t0.4 2.7¢0,1
125 0.6%0,5 0.6+0.9 - -
126 0.4%0.6 - - -
Total )
Cross-section 16§.612.3 160.5t3.8 200.7+1..8 210.8t0.8
Normalization
Error +6.4% +6.5% $6.1% $11.5%

- 0T -
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Table 1IV.ll: Isotopic Yields of Cs from 233U(p,f) &
CROSS-SECTIONS (mb) ~

MASS NUMBER ‘

Ep= 40MeV 60MeV 80MeV 100MeV
129 - 0.6%0.2 1.620.2 2.8%0.1
130 1.0:0,2 1.9+0,2 . 3.910.2 6.2+0.2
131 2.3%0.2 5.7+0.3 8.5%+0.3 11.5%0.2
132 6.9+0.3 11.2+0.4 14.5:0.4 16.1+0.3
133 15.30.,7 16.9t0.7 21.1:0.6 21.3+0.3
134 22,2+0.7 21.1%0.6 21.1%+0.5 20.5%0.4
135 26.4+0.6 21.5%0.5 21.1+0.4 20.4+0.4
136 24.310.7 "19,6+0.6 19.20.5 18.9+0.4
137 21.,0%0.8 17.3+0.6 18.3+0.5 17.8%0.4
138 13.9+¢1.4 9.2+1.0 13.1+0.8 10.8¢0.5
139 8.5%0.4 8.1+0.4 "9,2:0,3 9.1%0.2
140 4.410.3 4.,2+0.2 4,8%0,2 4,9$0,1
141 2.7+0.2 2.310.2 2.6%+0.2 2.3+0.1
142 1.0+0.3 0.8%0.2 0.9¢0.1
Total . -
Cross-section 149.9+2.2 139.6+2.0 159.8+1.6 163.5+1.1
Normalization .
Error +4.,9% +4.,2% +4,8% $13,2%

- G0T -
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Figure IV.12

Isotopic distributions of Ga

23

from 3U(p,f)

ik a2y tad. _er‘ . flvy AT, Ey
- s AR R TR



20.0
—
. //} \\w
10.0 C— ] %
- : +/—+\
A . /
£ - | l
.\-' (o]
5 T i
5
Nt =
DN O
. (7))
O
o 1.0—
[ O 100MeV x 2
- e 80MeV x 1
o B Radlochemical measurement o:nly
- 233
U(p,f)Ga
0.1 ] N | N R
70 72 74 76 78

MASS NUMBER




g

- 107 -

R

'
J"‘Q
N\
* LS
Figure IV.13
Isotopic distributions of Rb
from 233U(p.f)
3
8




ca%és SECTION (mb)

100

Y
(&)

0.1

iTTIll

100MeV x 3 I

@)
r m BOMeV x 2 l
[~ O 60MeV x 1
D 40MeV x 1/2
-
_ [ ]
7
1 ! 1 | | 1 1 { i
84 86 88 ey 92 04

MASS NUMBER




- 108 -

Figure IV.1l4

Isotopic distributions of In

from 233U(p,f)
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Isotopic distributions of Cs

from 233 (p,£)
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Table 1IV.12: Isotopic Yields of Rb from U(p,£)
CROSS-SECTIONS (mb)
MASS NUMBER -
Ep 40MeV 60MeV 80MeV 100MeV
86 1.0¢#0.2 1.1%0.,2 1.8%#0,1 2.5%0.1
87 3.940.4 4.6%0.3 4,8:0.2 6.1£0.1
88 8.940.4 9.4%0.2 8.4%0,2 9.6%0,1
89 17.1%20.5 15.8+0.3 12,7+0.3 13.3+0.2
90 24.1+0.5 20.1+0.4 14.7%0.3 15.240.2
921 . 26.3%x0.5 20.3%0.3 15.2%0.3 15,2+0.2
92 20.1+0.4 14.840.3 10,9¢0.2 10.9+0.1
93 11.540,3 8.8+0,2 6.3%0,1 6.20.1
94 4.3+0.1 3.240.2 2.5+0.1 2,440.1
>4 PR
Total’ -
Cross;segtion 117.2+1.2 98.3+0.8 77.3%0.6 81.5+0.4
Normalization
Exror ™ +18.0% $12,5% +16.2% +13.1%
i et i i S O O R el A
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Table IV,13: 1Isotopic Yields of In from 235

»

U(p,£f)

~ .

CROSS~-SECTIONS (mb)

MASS NUMBER

- TIT -

Ep= 40MeV 60MeV 80MeV 100MeV
114 0.2:0.3 - 0.6%0.2 0.9%0.2
115 0.3:x0.3 1.1:0.3 1.7%x0.,2 2,630.2
e 116 0.5+0.3 3.2+0.3 4,9+0.3 6.1+0.2
117 3.5%0.3 7.8%0.3 10.4%0.3 11,5%0.2
118 10.420.3 16.4%0.4 17.1+0.3 16.4%0.3
119 20.410.5 26,2%0.5 23.120.4 19,640.3
120 27.6+0° '28.9+0.6 23.1+0.4 19.2+0.3
121 30.2+0.6 26.7t0.5 20.0+£0.4 16.1%0.3
122 23,8t0.6 8.1%0.,6 13.7%0.3 11.240.2
123 14.2+0.5 71%20.4 7.4%:0.3 6.2+0.2
124 5.2+0.4 4,7+0.3 3.2+0.2 2.840.2
125 2.2+0.3 1.8%0.3 1.1%0.2 1.5:0.2

126 0.6%0.4 0.220.2 0.2%0,2 --

Total .
Cross-section 139,3t1.6 144.621.4 126.7%1,1 114,2+0.8
M MMMMW"’“>~~.,H_~ ¥
Mﬁ. zation T - ’
R e Error T316.1% "$11.7% . $9.9% . 18,3%
e T
L |
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Table IV,14: Isotopic Yields of Cs from U(p,f)

. ¥

CROSS~SECTIONS (mb)

- ZIT -

MASS NUMBER
Ep= 40MeV 60MeV B0MeV 100MeV

130 - - 0.70.2 .3:0.1
131 - 0.5+0.4 1.7+0.2 2,940.1
132 1.5%0.5 3.2%0.4 4.3+0.3 5.0%£0.2
133 5.6+0.9 8.8%0.7 7.3x0.4 7.5%0.2
134 9.8+0.8 12.5:0.7 10.610.4 9.2%0.2
135 l16.7+1.1 l16.6%0.9 10.9+0.5 9.7+0.3
136 0.5t1.2 16.6%0.9 10.9%0.5 9.3%0.2
137 1,7+41.3 16.8%0.9 10.6%0.5 9.8:0.3
i38 14 4*1.2 10.710.8 6.9%#0.8 7.0£0.2
139 11.3+0.8 8.5+0.6 6.6%0.3 6.0£0.2
140 7 120.6 5.3%0.4 - 4.,810.3 4,1:0.1
141 .6%0.,6 3.210.4 2,6+0,2 2.7t0.1
142 0 1+0.6 0.9%0.4 1.0£0.5 1.0£0.3
143 - - - 0.3x0.1
Total -

. Cross-section 112.4%3,0 113.6%2.7 94.,8%*1.9 76.0£0.7
Normalization
Errox 4 6% +5.1% +4.8% +6.6%

1
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Figure 1IV.16

Isotopic distributions of Rb

235

from U(p,£)
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Figqure 1IV.17

Isotopic distributions of In

from 235U (p,£)
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Figure 1V.1l8

Isotopic distributions of Cs

from 235

U(p,£)

\

)




100
-
-
B
h poene
0
£
/V
Sz
¢ - -
/ o -
& -
(77 R
o
O -
r
o _
l e 100MeV x 3 }
1 :— l B 80MeV x 2
R O eOMev x 1
[~ l D 40MeV x 172
[ o
-~
-
0_111111114111111

130 132 134 136 138 140 142

() MASS NUMBER

4




DISCUSSION

V.

i

s e

i




nt

- 116 - 5.

-

A, Excitation Functions

The excitation functions of independe -formed |
nuclides exhibit trends that are characteristic oﬁ their
neutron-to-proton ratios: the higher the value of ¥/Z, the

lower the energy at which the excitation function will peak,

Thus the independent cross-sections of 72Ga,84'86Rb.116mInf
[
ll7m+gIn are observed to increase monotonically in the energy

132

range 40 to 90 MeV, the cross-sections of Cs initially

increase and level off between 70 to 80 MeV, the cross-sections
of‘l34m+ng peak near 50 MeV, and the cross-sections of 136Cs
peak below 40 MeV and then decrease. Friedlander et al. (Fr63)

were the first to correlate the peaks of the excitation func—/

. . . . ¢
tions to the neutron-to-proton ratios of the fission products.
{

Since then a number of measurements have confirmed this corre-

lation as shown by the compilation of Galinier and Yaffe

(Ga77a) for 238U(p,f) in the energy range 0.03 to 2 GeV. The
formation cross-sections of 132-13709 from the proton-induced
235

fission of 2330 (To69) and U (sa7l) also show an energy
dependence of the peaks éf the excitation functions. he
results from these studies, together with the present measure-
ments, are éh%wn in.Figure V.1. ;% general, the peaks of the
excitat[;n functions exhibit the expected variation with N/Z
of the fission product. However, the trend indicated by
Tomita and Yaffe's (To69) original data fer‘233U(p,f) is at

variance with the trends observed from other fissioning systems.
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For example, the compilation made by Saha ét al. (Sa7l), for .

232 235,238 239

the proton-induced fission of Th, U, and Pu, indi-

cates that the peak of the excitation function of a given
product occurs at a relatively lower energy in the fission of
a target of lower N/Z. As can be seen from Figure V.l the

major discrepancy is due to the measured excitation function

of 136Cs from 233U(p,f). Although Tomita and Yaffe's original

136

data showed a distinct peak at 45 MeV in the Cs excitation

function no peak existed when their data were normalized to
the monitor cross-sections .used in this work as shown in

Figure IV.5. Furthermore, the present measurements show that

the 233u(p,f)l36Cs excitation function peaks below 35 Mev.

The& 132 ,1534,136

thus\support the target dependent trend shown by Saha et al,
135,137

Cs excitation functions measured in this work

(sa7l). It should be noted that the Cs results given

by Tomita and Yaffe were interpolated from the charge dispersion

curves which are peaked near 136Cs. Consequently, any error in
‘the 136Cs excitation function will manifest itself in the inter-
135Cs and 137Cs. Although the isotopic

polated results for

yield distributions measured in this work could be used to show

‘the general trend of the excitation. functions for other nuc-

lides, four points were insufficient to define the shapes of the
curvés, and supplement the measured excitation functions.
However, the systematics observed for the cesium data do not
contradict the t:éﬁds observed for the other data measured in

this work. For example, the curve for the 235U(p.’f) data in

-1
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Figure V.1 indicates that the 117In excitation function should

peak near 100 MeV, and the data shown in figure IV.7 indicate
that the excitation function is levelling off at this energy.

For the 233U(p,f) measurements, Fiéure V.1l indicates that the

117In excitation function should peak near 80 MeV. Although
the data in Figure IV.3 show that the excitation function is
still increasing above 80 MeV, measurements atwenergiés greater
than 90 MeV are needed to define the shaperof this curve
clearly. The cross-sections of all other nuclides measured in
this work appear to still be increasing above 90 MeV, which is
consistent with the predictions of the cesium systematics.

The general shapes of the ‘excitation functions of indepen-

dently-formed fission products can be explained gualitatively by

considering the mode of _ de-excitation of the primary fragments.

As mentioned in the troduction, the primary ﬁode of de-excita-
tion is by neutron emission and this requires sufficient energy
to overcome the neutron binding energy. The fission process
results predominantly in neutron-rich fragments so that fission
products with considerably lower neutron-to-proton ratios are
formed with low probabilities at low excitation energies. As
the incident energy is .increased the formation cross-sections

of these products increase until the production of products with
even lower. neutron-to-proton ratios becomes energetically poss-—
ible, causing a aevelling off and/or decrease in';he formation

cross-sections of the now relatively neutron-rich products. The

observation that the excitation functions of fission products
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do not decrease monotonically after they peak is a result of

the increasing influence of direct reactions with increasing

bombarding- energy. Direct reactions in which charged particles

and, neutrons are emitted prior to fission will result in
fissioning nuclei with lowered excitation energies. .Thus the
persisting influence of fission events with ;elative13110wer

excitation energies, when compared to the incident energies,

will manifest itself in the fission product excita&ion,fun%tions.
N

- N

B. Energy and Mass Correlations

\ "  of the Isotopic Distributions

e n—

The stat%stical moments analysis of the isotopic distri-
butions from the proton-induced fission of 2330 and 235U are
given in Tables V.l”agd V.2  respectively. Except for the
gallium data no errors have been assigned to the neutron-to-
proton ratios ({N/Z)) of the centroids of the distributions as

the errors are less than the least significant number of the

values given. The skewness and excess reflect the asymmetry.

R

o s . ~ ;}

and "peakedness" of the distributions and were defined in sec-
tion III on déta analysis.

\

The negative excess\ for all the data from both targets .

indicates that the distribhutions are flat with respect to a

Gaussian shape. This was also observed by Mobed et al. (Mo8l)

\ om 233U(d,f) in the energy range

2

for isotopic distributions

-l

&




Table V.l: Statistical Moments Analysis of Isotopic Distributions

-

o>

from 233U(p,f)
CENTROID “
Ep (MeV) {A) . (N/Z) FWHM . SKEWNESS ~ EXCESS
- GALLIUM -
80 74.64+0.10 1.408+0,002 3.17+0.10 -0.11 -0,60
100 74.78%0.12 1.412+0.002 3,85+0.18 -0.46 -0.48
' »
- RUBIDIUM -
40 " 89,.83+0.04 1,428 4,0610,03 0.012 -0.44
60 89.61+0.02 1.422 4.09+0.06 -0.047 -0.64
80 89.44+0,02 1.417 4,21%0.03 -0.004 -0,72
100 89.36+0,02 -1.915 4,2740.02 «0.027 -0.77
o - INDIUM -  °
40 119,84+0.03 1.446 4,22%0.07 0.077 - -0,30
60 119,30£0.07 1.435 4,62+0.14 -0.011 <=0.21
80 118.96+0.02 1.428 4.821+0.04 0.092 -0.36
100 118.80+£0.02 1.424 5.07+0,02 0.073 -0.46
- CESIUM - ' _
40 135.62£0.03 1,466 5,200,004 0.15 -0,28
60 135.21%0,03 1,458 5.70+0,04 , 0,20 -0.46
80 134.9120.03 1.453 6.19$+0.03 ‘0,09 -0.59
1,450 6.44+0,02 0.12

100 134.7320.02

- T2t -
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Table V.2: Statistical Moments Analysis of Isotopic Distributions
from 2350(p,f) .
CENTROID
Ep(MeV) (a) (N/2Z) FWHM SKEWNESS EXCESS
- RUBIDIUM -
40 90.62+0,02 1.449 3.92+0,04 -0,08 0.53
60 90,37+0,02 1.442 4,19:0,03 -0.10 0.50
80 90.19+0.02 1.437 4,41+%0.02 -0.10 -0.56
100 90.06+0.03 1.434 4.51%+0.01 -0.07 -0.63
- INDIUM -
40 120.74+0.03 1.464 4.19+0.06 0.11 -0.18
60 120.15%+0.03 1.452 4,57+0,05 0.03 -0.18
80 119.76%0.03 1.444 4,.87+0,04 -0.01 ~0,24
109 119.4910.0; 1.438 4,90£0,03 0.02 -0.57
- CESIUM - )
40 136.65%0.06 1.484 4.83$0.11 0.09 -0,49
60 136.19%+0.05 1.476 5.57+0.07 0.20 -0.61
80 135.97+0.04 1.472 6.11£0,07 0.14 -0,57
100 135.79+0,03 1.469 6.50%+0.03 0.10 -0,66

{
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23

5U(n f). Por the thermal—neutron-induceé fission measure-

th'’
ments a positive or only sligﬁtly negative excess was. obtained
when the distributions were analysed by the statistical moments
procedure used in this work. The notion of an "elementary"
distribution arising from the fission of only one nucleus at a
given excitation energy therefore seems conceivable. " The flat
distributions observed in this work may then bé due to multi-
chance fission at these energies resulting in a variety of’
fissioning nuclei at different excitation energies. The concept
of an "elementary" distribution was also sdggested by Holub and
Yaffe (Ho73) for their chargehdispersion studies on 232Th.

The positive skewness most apparent in the cesium data
indicates that there are shoulders on the heavier-mass side of
the distributions and the negative skewness most apparent for

235U(p,f) indicates that the shoulders

the rubidium data from
are on the lighter-mass side of the distributions. The positive
skewness of the cesium distributions has been attributed to a
deformed.stablq’region near N = 86-88 (Un73, Wi76) and its com-
petition with N = 82 spheriéal shell closure (Mo8l1). This
explanation is further supported by thehhegative skewness of the

)
rubidium distributions that may be attributed to the influence

of N = 50 spherical shell closure. The observation that- the

skewness' of Rb distributions are more noticeable for thejmeasureJ@

ments from 235

U(p,£f) may be due to the experimental procedures
employed. The amplitude of’the triangularmodulation on the 5 kV

bias applied to the mass spectrometer extraction system was such

J

—

i
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that only nine masses could be obierved in the rubidium region

during one measurement period. In order to extend the mass

region being studied two such measurements with overlapping

mass regions were carried out for 233U(p,f)Rb reactions at 60, %
80, and 100 MevV. The relative yields in the overlapping mass 1

regions were then normalized. Inherent in this proc?dure was

the uncertainty introduced by the mass discrimination correction

which may have masked a possible small skewness. However, only .

350 (p, £)mb =

one measurement was carried out at each energy for
reactions. The skewness observed for each indium distribu- |
tion is small. ghis is consistent with the observation that the :
indium isotopes observed in this work do not cross any major
shell closure.

?he variation of the FWHM of all the distributions is a
function of both bombarding energy and target mass, as shown

e

in Figure§ V.2 and V.3 respectively. Included in these figures

are the data from 238U(p,f) (Tr72, Le75, Ch77). Error bars have

not been included in these figures for clarity. The curves show

that the FWHM of all the isotopié distributions increase with

el L g i

increasing bombarding enerxrgy. Yaffe and his co-workers (Ya69)

i el g o

have obserwed analogous broadening of the charge dispersion
curves in the heavy mass region. Although a number of charge
dispersion studies in the light-mass regions (Kh70, Ma73) have
indicated a constant width in the eAergy range 20 to 85 MeV,
Galinier et al. (Ga77b) observed an increase in the widths of -

the charge dispersion curves centered near mass 80. The

~
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Figure v.2

Full-width at Half-Maximum (FWHM)

as a function of bombarding energy (Ep)

i

-~

2350(p,f)CS data at 50MeV from

Tracy et al. (Tr72)

238U(p,f)Rb,Cs data at 80 and 100MeV
from Lee et al, (Le75)

2383 (p,£)Rb,Cs data at 40 to 60MeV
from Tracy et al. (Txr72)

238U(p,f)In data from éhan et hl.(Ch77)

All other data - This work
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Figure V.3

s

Full-Width at Half-Maximum (FWHM)

as a qunction of mean mass number

238U(p,f)Ga,In data. from

Chan et al.(Ch77)
238 (5, £)Rb,Cs_data at 100MeV
from Lee et al. (Le75)
238U(p,f)Rb Cs data at 40MeV
from Tracy et al.(Tr72)
23 U(p f)Ga data from
Sutherland (Su77)

All other data - This work
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increase in the widths of the isotopic distributions may be

«

attributed to the increase in multi-chance fission events in -

the energy range 40 to 100 MeV. The variation of the FWHM with

~mean mass number of the isotopic distribuytions shows a steady

increase with mass and a sharp rise in the cesium region. This
sharp rise in the cesium region was also sﬁown in the compila-
tion of charge-dispersion data made by Galinier ;nd Yaffe(Ga77a),
and for both caszs may bz attributed to néutron shell effects in
this region. The charge-dispersion data, however, show’a

decféase in the FWHM between mass 100 and 130, whereas in gene-

L \ ¢

ral the iso%qpic distribution data show a slight increase in the
FWHM over this mass range. This apparent cbntradiction may not
be a discrepancy of the data, but rather a possible effect due
to Z = 50 proton spherical shell closure. Such a shell effect
would not be apparent in the isotopic distributions as the
measurements are over a constant Z, however , ghe charge disper-
sions in the mass region 115 to 125 may be affécted. The geqeral

increase in the FWHM of the isotopic mass distqibutions with
- |

v

increasing mass number nay Se attributed to¢£ﬁé\partitioning of
the excitation energy between the primary frégments. Thus, if
it is accepted that the excitation energy is shared between
complenmentary fragments in accordance with their mass ratios,
then more neutrons will be emitted from the possible heavier

fragments, resulting in broader distributions of the heavier

oy

~

products.

It has récently been sﬁggestediby Nikkinen et al. (Ni80)

-

o
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(”i - that the broad widths of the Cs distributions may be the result
of multi-chance fissions at bombarding energies pertinent to
this work. These authors therefore decomposed their Cs distri-
butions from 232Th(p,f) into twq Gaussian curves and attributed
the curves peaked at the lower mass numbers to high_excitation

energy events and the curves peaked at the higher 'mass numbers

to low excitation energy events. However, no discernible struc-

ture was observed in the Rb distributions as might be expected,

since for the 1 GeV proton—induced fission of 238U Belyaev et . "

al. (Be80) observed comparable broadening of both Rb and Cs

distributions. It is therefore felt in this work that although

a two-Gaussian distribution due to different excitation energies

may be valid in the GeV energy rénge it is probably not the

cause for the broadening ;f the Cs distributions . at bombarding

energies up to 100 MeV. '
The variation of the mean neutron-to-proton ratios (<N/z>)

of the isotopic distributions with bombarding energy is shown

238

-in Figure V.4. The published measurements from U(p,£) (Tr72,

Le?S, Ch77) are also shown iq this figure. The decrgase in
<N/Z>of the products with an increase in the bombarding enérgy
indicates that the centroids of the isétopic distributions are
moving to lower mass numbers, This may be attributed to higher
} . neutron yields from the primary fragments wiéh an increase in
their excitation energies, resulting in more felatively neutron-

deficient products. Figure V.4 also indicates that a more

.y | .
( ’ : neutron-rich target results in more neutron-rich products and
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Flgure v.4

Mean neutron\~to-protoh ratio (<N/2>)
as a ﬁunctlonlof bombarding energy (Ep)
235U(p,f) s data at 50MeV from

. racy et al, (Tr72)

U(p,f) b,Cs data at 80 and 100MeV
rom Lee et al. (Le75)

U(p,f) Cs data at 40 to 60MeV
rom Tracy et al.(Tr72)

U(p,f)]n data from Chan et al. (Ch77)

All other|data - This work
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- } X
6’ the correlation between N/Z of the target and <N/z> of the pro-
ducts is linear as shown in Figure V. 5. It is apparent from

this compilation that the data from 232Th(p f) (Ni180) do not

follow the systematics observed for the data from the uranium
nuclei. This observation was also made by Tracy et.al. (Tr723
for the 50.MeV proton-induced fission of 232Th'and 235'2380,

and in both cases indicates the importance of the identities of

the fissioning nuclei when correlating fission product data.

. . The variation of <N/Z> with mean mass number of the fission

products, or as it more frequently appears in the literature,
\ :

N/Zp versus mass number ), is of importance when isotopic mass

distributions are used to test the charge distribution postulates
-

., or.isotopic charge—dispers&on curves are constructed. In order
to construct accurate varia&ion of N/Z as a function of A, a
large number of data points\are required, and this has been

restricted to the data from ?386(p,f) in the energy range perti-

kS
)

!

nent to thisawork. Galinierﬂet al. (Ga77b) have cbmpiled these
-data from the McGill group aéd shown that N/Z rises steeply in
the mass reglon 80 to 90, 1evels off but still increases slightly
over the mass range 90 to‘L?Oy increases steeply to mass 135,

!
!

and then levels of? over tﬁe/energy range 50 to 85 MeV, Diksic
o .

- et al. (Di74) Egéé also shown that the variation of the most
probable chargé (Zp? with mass number is linear over the mass
range 130 €o 135, iﬁdicating‘that N/zp ié‘a function of A in :
‘this mass region. Tﬁf scarcity ofzdata from 2330(p'f) and

N ' e ~ .
(:) 2‘BSU(p,f) reactions ip the energy range pertinent to this work
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Figure V.5

Mean neutron-to-proton ratio (<N/2>) of the
: | )
fission products as a -fun:ction of

3
neutron-to-proton ratio (N/Z) of the targetss. ’

2380(p,f)Rb,Cs data from Lee et al. (Le755

2“U(p,f)Ga,In data from Chan et al. (Ch77)

a: from Sutherland (Su?77) ‘ .
23201 (p,£) data from Nikkinen et al. (Ni80)

All other data -~ This work
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. 5
makes it difficult to contruct accurate variations of <N/Z>
with A. llowever, J.the data obtained in this work together with
the measurements of Marshall and Yaffe (Ma73) and Khan et al. »
(Kth) indicate that the atomic numbers of the fission products
vary linearly with respect to their mean mass numbers over the
mass range 90 to 135; This correlation is shown for the data
from 233Uv(p,f) and 23SU(p,f) in Figures V.6 and V.7 respec~-
tively. Although the gallium data have not been included in
these figures the systematics ihdicayé that this linear relation

can be extended to mass 74. For example, the centroid of the
2

i

gallium distribution from 33u(p,f) at 80 MeV is 74.64 $0.10 and

the systematics indicate that the centroid should be at 74.57.
Furthermore, this trend is supported by the data coliected by

Yaffe's group for 238

U(p,f) over the mass range 80 to 152 and
is illustrated for a bombarding energy of 50 MeV in Figure V.8,
Included ifx this fiqgure are the mass spectrometric data from
Tracy‘ et al, (Tr72) and Chan et al. (Ch77). This linear varia-
tion of the atomic number with mean mass numb;r indicates that
N/Z is a function of the masls of the fission products. For all
three uranium targets (aZ/aA)Ez~0.3810.02, “in agreement with

the findings of Dik$i¢ et al. (Di74) and McHugh and Michel

>
(Mc68) .
'3 u’}
., C. Fission Information from the
’,\ KFreéyequilibrium/Exciton Model o ]f
. W, g L. o

The fission option of the pre-equilibrium/exciton model T

3 -
I . 1
L y
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Fig‘ure V.7

s

Variation of the atomic number (2) with

\
the mean mass gnumb/er of the

235,

fission products- fr/bm U(p,£)

/
4A: Khan et al/./ (Kh70)

w: Tracy et al., (Tr72)

®: This work
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sumparized inlthe introduction was used té predict fhe identi-
ties and specific probabilitiés of fissioning-.nuclides fro& all
233U(p,f) and 235‘fl(p,f)‘r‘eactions at bombarding energies up to
100 MeV. This information was required in order to estimate

pre-fission nucleon emissions and, in conjunction with the

fission product data measured in this work, to estimate average

total neutron yields. The§e estimatés were then used to test

the charge distribution postulates which will be discussed -in

due course.: 7

This model was chosen because of the recent succgs; it has
had in fitting the spallation data from 232Th(p,Xan)'reactions
to 100 MeV (Ho79) and the c@gclusion by*the authors that theiy
treatment of fissionability ié valid. Furthermore, no spalla—(
tion data exist for proton—induced reactions in 233U and 235U’
because’ the nuclear properties of the possible spallation pro-
ducts do not, allow for easy measurement: and the formation
cross-sections of these products should be low considering the
high fissility of the targets. A rigorous «4est of the model
for the uranium targets‘used in this work is therefore pot
appropriate. However, Boyce (Bo72) has measured total fission
cross-sections f{rom 233U(p,f) and 235U(p,f) reactions in  the
energy range 4 to 30 MeV and these data are compared to the
theoretical resulés from the pre—equilibrium/éxciton model .in
Figure V.9.

The only free variable in the model is the level-density

parameter, af/an, for which a value of 1.05 was chosen. This

¥

=
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el

) Figure V.9

Total fission cross-sectidns as a

function of bombarding energy (Ep)

233,235

for U(p,f)

®,0 ! Boyce (Bo72)

Ny
%

McCormick and Cohen (Mc54)
o:  Pulmer (Fu59)

——: From the pre-equilibrium/exciton
model (ag/a = 1.05,2000 cascades)
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choice was based on the findings of Chung (Ch80), that a value

+ of 1.05 could best reproduce the broad range of théif data up

| to 100 MeV, and the work of Mobed et al. (Mo8l). The latter

/ 23

ahthors'found that for ?U(d,f) reactions a value of 1.05 in

the pre-eqiilibrium/hybrid code (ALICE) derived by Blann (B178)
‘ . . /
_reproduced the average fissionabilities (I}/IL) given by

Vandenbosch and Huizen aj(Va73). As can be seen in Figure V.9,

the calculations. based on af/an = 1,05 never underestimatéﬁthe

data by more than 15%. This is certainly better thanﬁthéJgQ to
\ v

232

60% discrepancy shown by Hogan et al. (Ho79) for Th(p,f) in
. » .

the energy range 15 to 32 MeV. However, Chung (Ch80) has shown
that at energies above 40 MeV the calculations based ,on
232
“af/an = 1,05 for Th(p,f) give better fits to the experimental

data. No fission cross-section data exist for.233

235

U(p,f) and
U(p,f) reactions in the energy range 40 to 100 MeV, thus the
same value of 1.05 for af/an was chosen for this energy range.

The computed fission information for 2330(p,f) and

235U(p,f) reactions is given in Tables V.3 and V.4 respectively.
For the purpose of the present study the grouping of this infogn
mation according to the)charges of the fissioning nuclei was
considered quite adequate. Thus the average fissioning mass
from all (p,Xnf) reactions was computed as the‘weighted sum of
all fissioning nuclei of neptunium. The same procedureg was
applied to all (p,pXnf), (p,2pXnf), and (p,2Xnf) reactions. The

average fissilities, calculated as the total fission cross-

sections divided by the total reaction cross-sections, remain

£



2

Table V.3: Aver&ge Fission Information for 233U(p,f)

(af/an= 1.05,2000 cascades)
FISSION E_(MeV)
INFORMATION 40 60 P 80 , 100
E(p,an)O'(mb) 1423.40 1172.72 907.61 728,77
<:AF:> 233.25 233,05 232.83 232.71
pA 93 93 93 93
F
E(P,anf)d(mb) 159.60 369.98 482,12 602.29
<AF> 232.50 232.09 231.93 231,76
ZF . 92 92 92 92
Y(p,2pXnf) o (mb) — - - _14.30
'<AF>' - - - 230.70
Zp -- - - 91 .
"L(p ,0Xnf) ¢ (mb) 6.07 17.82 29,10 35.38
<A1='> 229.50 229.00 . 229,05 228.80
z 91 91 ™ 91 91
F
Total Fission Q
Cross-sections (mb) 1589.07 1560.52 1418.83 1389.74
Average Fissioning . ‘
Mass 233.16 232.78 232.44 232.17
<wbre+xpr£§> 0.84 1.22 1.56 1.83
Hpre> | 0.72, 0.94\] - 1.13, 1.27
Average Fissility 91,7% 91,9% 90.4% 91.,7%
Average Excitation
Energy (Mev) 39.13 45,43 »0.77

< 6€T -
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- Energy (MeV)

Table V.4: Average Fission Information fdr U(p,f)
(af/an= 1.05,2000 cascades) -
FISSION E_ (MeV) -
INFORMATION 40 50 _ P60 80 100
E(p,an)U(inb) 1442.60 1296.90 ll49.%4 815.10 748.48
<A > 234.91 .234.84 234,77 234,54 234,50
Zp - 93 .93 93 93 93 .
. :
Y(p,pXnf) o (mb) 81,06 +193,17 294,57 409.35° 489.66
<AF> 234,29 4 233,92 233.71 233,52 233.40
25 92 92 92 92 92
Y(p, 2pXnf) 0 (mb) - -- --, -- 9.84
<AF> {3 - - - - 231.27
Zp - - -= =< 91
Y(p,0Xnf) o (mb) 1.74 12.29 17.88 32,40 46.17
<AF> ’ 230.93 230.83 230.32 229.83 230.17
ZF 91 91 91 91 91
'i‘otal Fission . . . T & .
Cross-section (mb) 1525,40 1502,36 1461.79 1356.85 1294.15
Average Fissioning .
Mass N 234.88 234.69 234.50 234.12 233.91
<vpre+Xpre> 1,12 1.31 1.50 1.88 2.09
<vpre> 1.07 1.15 1.2 1.48 1.56
Average Fissility " 87.5% 85.6% 85.9% 86.0% 85.5%
Average Excitation . o
30.84 35.37 38.82 44.49 51.10"

- ovT -



T TR TSR T W e T Tk e AT R A

- 141 -

;
fairly constant over the energy range 40 to.100 MeV énq indic—~

ate that be&ween 90 to 92% of all reactions go to fission for *

233U(p.f), and 85 to 87% of all reactions go to fission for

2

3'E;U‘(p,f). @he Qifferences in the average fissilities for the
two fissioni%g systems reflect the dependence of the }issilities
‘on Z2/A of tﬁe fissioning Huclides, as shown by Chung (Ch80). %
The average excitation energy accompanied with fission, for a .
*biven incident proton energy, was ?omputed as the wéighted sum

of the excitation energies of each fissioning nuclide. These
average values, when-compared to the incident proton energies,
reflect the broad energy distribution of the fissioning nuclei,
resulting from multi-chance fission. Thé fissibn cross-sections,
when grouped according to the charges of the fissioning nuclei,
show the increasing probabiifties of charge particle- emission
with increasing bombarding energies. For example, at 40 MeV

233U‘target is 1423.4 mb

the total (p,Xnf) crq;s—section for the
gorrgsponding to 89.6% of the total fission cross-section. Ten
per cent of the remaining cross-section may be attributed to
(p,pXnf) reactions and 0.4% goes to (p,0Xnf) reactions. At an
incident proton energy of 100 MeV, however, only 52.8% of all
fissipns are attributed to (p,Xnf) reactions, 43.6% are attrib-
uted to '(p,pXnf) reactions, and the remaining 4.6% go to
(p,2pXnf) and (p,xXnf) reactions.

The fission information given in Tables V.3 and V.4 was
used directly to calculate average total pre-fission nucleon

and neutron yields from all (p,XnYpaf) réactions. The averaqe

total nucleon yield at each energy is given by: '

£
kS

o
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<Vpre t xpré> = (Ap + 1) - <Ap>q ~ (V1)
where: = ~fissi i
<vpre +‘xpre> the average pre FlSSlon nucleon yield,
& Ay, = the mass number of the target,
o <AF>T' = the average fissioning nucleus from

all possible fission reaction channels.
The average number of pre-fission neutrons emitted was calcul-
ated in a similar manner, allowing for pre-fission charged

particle emission. Thus:

Ry

“Vpre’z. (Ap + 1) —'xpre = <Ap>y (v.2)
F F
where: <v re’z = the average pre—fissf%n neutron yield for -
p F . a given fissioning charge (ZF), .
X re = the total mass number of all cKarge part-
P icles emitted for a given fissioning charge
(ZF) ’
<A_> = the averdge fissioning mass for a given
F 2 X . .
F fissioning charqge (ZF)'

The average total pre-~fission neutron yield was then calculated
as the weighted sum of values obtained from all (p,Xnf),

(p,pXnf), (p,2pXnf), and (p,xXnf) reactions using equation (V.2).

D. Computations of Average

Total Neutron Yields

In a number of on-line mass spectrometric. studies of
charged particle induced fissions (Tr?i, Le75, Ch77, Ni80, Mo8l)

average total neutron yields have been deduced for mass splits
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resulting in Rb,Cs, and In products. In order to estimate
- . ‘
these yields the following assumoptions were made:

1. The probabilities of charged particle emission’ in the

- H

entire fission process are small and may be neglected in the
energy range‘cové}ed. . ' L . . e

2. The centroids of the‘'complementary products of Rb,CsL and
In may be estimated by assuming a constant N/Z r§tio for néigh—
bouring products. -

The reliability of these neutron vyield estimates is dependent

L

on the validity of these assumptions. Since the results from

‘this investigation indicate that the centroids of the jisotopic

distributions are a linear function of the fission-product
charge, and the pre-equilibrium/exciton model calculations
indicate that the probability of pre-fission charged partic
émission is not small enough to beﬂneglected,'the effects of the
assumptions given above mqgt be examined. B ¥ T
Before these assumptions are éxamined the foliowing
correlatioris between the ide?tities of the fission{ng nucleus,
primafy fragments, and fission products must be made. The sum
of complementary primary fission fragmené charges (Zi + Zﬁ) am%
masses (Ai + Aﬁ) are equal to the fissioning charge (ZF) and
mass (AF) respectively. The relationship between the primary
fission fragment and fission product charges is dependent on
the probability of char;cd partigle'emission frquthe primary

fragments. Since these fragments are "usually neutron rich, the p

binding energies for charged particles are large and the cdulomb
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barriers are high, so that the probability of charged particle
emissions should be small and their emission mayﬂbe neglected.

L)

Thus :
' — - - ' — '.
ZL ZL’ ZH ZH

L c Al = .'
AL = AL + VL; AH AH +- v

'wheré the‘brimed and unprimed Z's and A's refer to the primary
fission fragments and products respectively; subscripts L and
H refer to the light and heavy fragments or products respec -
tively: and vi and Vy denote the numbers of neutrons emitted
from the light and heavy fragments respectively.

It is evident from the correlations given above that the

charges of complementary fission products is dependent on the

charge of the fissioning nucleus (zF). Since Zp is determined
oo .

by pre-fission charged particle emission anp the pre-equilibrium/

exciton model calculations indicate”that these emissions are not
negligible, the prédicted charges of the fissioning nuclei must
s+ be taken into account when determining the identities of com-

plementary fission products. The assumption that the centroids

’ %

of the complementarylproducts, of at least Rb and C&, can be

estimated by assuming a constant N/Z for neighbouring products
{ \

{

seems justified,éince the isotopic distributions of the measured
products are centred where the mass yield curve is expected to
be reasonably flat. However, the linear variation of the

centroids of fission product distributions with atomic number,
A

shown in Figures V.6 and V.7, allows the centroids of

A R M T Mg e S i o e et 2 L AN b S g R e s e e
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complementary products to be interpolated di:ectly‘from the
- {

experimental systematics. Although this latter method of
’ . . ’

>

estimating complementary centroids may be more reliable, as -

it is based directly on experimental evidence, the extent to
which the estimates deviate from those obtained assuming a

constant N/Z is small. For example, for the proton-induced

Al !

fission of uranium nuclei the complementary proljiuct of Rb(z=37)

is Ba(Z=s56) if charged particle emission is neglected. For

233U(p,f) at 40 MeV the systematics shown in Figure V.6 indic-

o

ate that <Ag > = 138.14", The méasuxed centroid of Cs at this

energy is 135.62, and the predicted centroid of Ba, assuming a .
cor;stant N/Z, will be 56x135.62/55=138,09. The 0.05 discrepancy
between the predictions thus indicates that the assumpt}/on of™

a constant N/Z for neighbouring products will not seriouslyﬂ

effect the neutron.yield estimates for fissions resulting in

<

“Rb,Cs, and their complementary products. However, both methods

of estimating the complementary centroids were used in this

work in order to illustrate the small difference between the

e

estimated neutron yields.

The assumption that the centroids of the complementary
pz{‘oducts of In(Z=49) can be estimated by assuming a constant
N/Z ratio is, however, questionable since 1if cha;:ged pa;ticle
emission is neglected the complementary Ru(z=44) product is
five charge units diSplaceﬁ from In. However, the systematics
shown in Figures .6 and V.7 indicate, somewhat s;xrprisingly,

that the assumption of a constant N/Z over this charge region

Bpoe kel o d R F TR S Eat? Uk 0 P L RS et P N
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*is valid. For example, for

’

"119.84, and assuming a constant N/z rgtio,(ARu>=44xll9184/49 =

s _ :
107.61, which is 0.04 mass units displaced from the Wnterpolated

4

»

233U(p,f) at 40MeV thé In centroid is

value of 107.65 from Figure V.6. It is, however, felt that,.

since (p,2pXnf) and, (p,xXnf) reactions will result in the com-
’ ) ) L S

"plementary product of In being Mo(Z=42)', which is seven charge

units displaced from the measured product, the interpolated

' centroids of the compleﬁentary products are more_religble than -«
those obtained assuming a constant N/Z ratio. Thus, in computing
average total neutron yields from near-symmetric fissions, the

centroids of indium's complementary products were interpolated ;

from Figures V.6 and V.7 for 233U(p,f) and 235

2

U(p,f) respectivelf.

Thus far it has been assumed that the measured centroids

v

of the isotopic distributions may be used in average total ne&t-
ron yield computations. 'Although this assumption is val}d if
"there is no pre-fission charged-particle emission, its validity
for the present studies requires further examination. It‘is
conceivable that for fissioning nuclei of a given cﬁéige there

exists an isotopic distribution of a given fission product,

‘Thus in the case of the Rb product from the proton-induced fission

of uranium nuclei there may exist centroids attributable to .

(p.Xnf), (p,pXnf), (p,2pXnf), and (p,amnf) reactions, together

with corresponding centroids for the complementary proéucts. If

e

the centroids for (p,Xnf), (p,pXnf), (p.2pXnf), and (p,0Linf)
reactions are denoted by subscripts 0,1,2, and 3 respectively,

and the corresponding probabilities for these fission channels

°
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are denoted by Wyr Wy, Wy, and w3, then total neutron yields

may be computed according to the following equations:

vp (Rb-Ba) = (A +1) - (Ap +A.  +0A._) (v.3)
[o] (e ] (o] o)

le(Rb-Cs) = ATjjARb1+ACsl) . (v.4)

v, (Rb-Xe) = (A.-1) - (A., +A., -6A. ) (V.5)

T2 T Rb2 052 C32

v (Rb—x;) = (A -3) - (A., +A. -06A. ) (V.6)

T, T Rby " "Csy . Csy

where AT is the mass number of the target and 0 corresponds to
the amount by which the complementafy centroid of Rb deviates

from that of Cs. The average total numbers of neutrons emitted
may then be computed as the weighted sum of the values obtained

using equations V.3 to V.6. Thus:

L +wbA. A2 )

Cs, 3

Vp = A—<ARb>—<ACs>-a56ACso+a56A
where:
A = wo(AT+l)+“ﬁAT+°5(AT"1)+“§(AT—3L
<ARb> = theq%easured mean Rb centroid,

<ACS> = the measured mean Cs centroid,
.

It 'should be noted that if a constant N/Z ratio is assumed for
neighbouring products then 6 =1/55. If it is further assumed
that the measured mean centroids may be substituted for the
true centroids in equations V.3 to V.7 then the corresponding
average total neutron yield at a given bombarding energy will
be given by: «

<vp>=. A—<ARb> -<ACS> -w06<ACs>+w26<A >+w36<ACs> .

s (v.8)

o ae dgm w . m

4




By subtracting equation V.8 from V.7 the deviation between

these neutron yield computations will be:

Av_ = - - -
Ve = W8(CAL YA ) +w, 8 (AL <ACS>)+w36(§CS AaLd)  (v.9)

so 2 3

From equation V.9 it can be seen that, if 6=1/55, average total
neutron yields estimated by.usinq the measured centroids in the
computations will deviate from the true neutron yields by the
weighted sum of 1/55th of the differences between the measured
centroids and the true centroids.

Although it would be a formidable task to resolve the

*e

\

measured distributions into contributions from the various

fission channels given preyiously, the magnitude of AvT can be

estimated by noting the FWHM of the measured distributions and
utilizing the calculated probabilities for the various fission

channels. Thus at a bombarding energy of 40 MeV the FWHM of

233

the Cs distribution from U(p,f) is 5.20 mass units, and the

pre-equilibrium/exciton model calculations indicate that o,

Wo e and w, equal 0.896, 0, and 0.004 respectively. It is evident

3

from these numbers that, even if the centroid for (p,xXnf) reac-
tions is five mass ﬁnits displaced from the measured centroid,
the last term in equation V.9 will not contribute significantly
to AvT. The term involving @y thus determines the magnitude of
by, Si%ce (p,Xnf) reactions represent 89.6% of all fissions at
40 MeV ié%is reasonable to assume that (ACS)-ACS will not egc?ed
half the FWHM or 2.60 mass units; thus AvT=0.04.0 At a bombard-
f

ing energy of 100 MeV the Fﬂﬁm\if the Cs distribution from
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model calculations predict that W, Wo and)b3 equal 0.528,

3U(p,f) is 6.44 mass units, and the pre-equilibrium/exciton

0.01, and 0.026 respectively. éubstitqting these probabilities
into equation V.9 and agsigning an upper limit of 6.44 mass units
to the differences between the measured centroids and the poss~
ible céérect centroids results in a value of 0.07" for By . It
is thus concluded that, providing the identities of complemen-
tary products can be obtained, average total neutron yields can
be estimated by using the measured mean centroids in the com-
putations.

Average total neutron yields were thus computed for fissions
resulting in Rb,Cs,In, and their possible complementary products

according to the following equations: \

for all (p,Xnf) reactions:

vT(Rb-Ba) = (AT+1) - ((ARb>+<ABa>) ‘ (v.10)
D . _ ) ,

Vp(Sr-Cs) = (A, +1) (KAg >+<AL D) (v.11)

vp(Ru-In) = (A +1) ~ (CAp >+<AL >) . (v.12)

for all (p,pXnf) reactions:

vT(Rb—Cs) =Ap - ((ARb>+<ACS>) (Vv.13)

vT(Tc—In) = AT - ((ATc>+(AIn)) (v.14)

for all (p,2pXnf) reactions:

VT(Rb-Xe) (AT—l) - (<ARb>+<AXe>) (Vv.15)

('} vT(Kr—Cs) = (AT—l) - (<Axr>+<Aés>) (v.16)

T e A e e e
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vT(Mo-In) (AT-—l) - ((AMO>+<AIn>) (Vv.17)

and for all (p,aXnf) reactions by using equations V.15 to V.17
with (AT-l) feplaced by (AT—B). Finally, average total neutron

yields from fissions resulting in Rb-A AL-Cs, and AL—In prod—-

H'
ucts were computed, using the fission probabilities obtained

from the pre—equilﬁbrium/exciton model calculations, as the
weighted sum of the values obtained using equations V.10 to V.17.
The centroids of the possible complementary products were inter-
polated from Figures V.6 and V.7 when a iinear variation of
charge with mean fission product mass number was assumed. When
a constant N/Z was assumed for neighbouring products in the Rb
and Cs mass regions the complementary centroids were estimated
as: (ASr>=38/37<A

(AK£ﬂ36/37<A >, (ABa©=56/55(ACS), and

Rb” * Rb

<A e>=54/55<A In order to illustrate the degree to which

X cs’-
pre-fission charged particle emission effects the ;eutron yield
éstimates the values obtained using equations V.8 and V,9 only
were also éomputed. The results from all these computations are
given in Tables V.5 and V.6, and are shown in Figures V.10 and
V.11l for 233U(p,f) and 235U(p,f) reactions respectively. Average
pre-fission nucleon and neutron yields obtained from the pre-
equilibrium/exciton model calculations are also shown in these

.

figures. The computations of < Vo> indicate that the values
estimated assuming a constant N/Z ratio for neighbouring prod-
ucts do not differ greatly from those obtained by utilizing the

experimental systematics. This refinement to the previous |

assumption is thus small. However, neglecting pre-fiﬁfion

1Y
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Table V.5:
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Average Total Neutron Yields for Asymmetric

3

233

and Symmetric Mass Splits from U(p,£)
<Urota1>
Fp (V) Rb-A A_-Cs A_-In
H L L
a) 6.09+0.05 6.12+0.05 --
40 b) 6.23120,05 6.27:0.05 -
c) 6.19+0.05 6.18+0.05 6.67+0.04
a) 6.72:0.04 6.76+0.04 -
60 b) 7.08+0.03 7.10£0.03 --
c) 7.04+0,03 7.03+0,03 7.,94+0.08
a) 7.20£0.04 7.23+0.04 --
80 b) 7.68:0.03 7.73+0.04 -
c) 7.67+0.03 7.66+0.03 8.4310.02
a) 7.46%0.03 7.50+0.03 -
100 Db) 8.1410;02 8.050.02 -
c) 8.1020.02 8.11+0.02 2.,12%0.09

. . . . Tt . .
a) Assuming no chargedparticle emission prior to fission.

. P .
b) Assuming a constant (N/z) for neighbouring products.

c) Allowing for a variation of (N/2Z) with mass.

e e i . b A~ At x ek e e

(3
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Table V,6: Avérage Total Neutron Yields for Asymmetric

and Near-Symmetric Mass Splits from 233y (p.f)
< otal>
Ep(MeV)
Rb-AH AL~CS AL—In
a) 6.25+0.06 6.28+0.06 -
40 b) 6.33+0.06 6.36+£0.06 -
c) 6.2720.06 6.27+0,06 6,85:0,04
a) 6.87£0.06 6.91+0.06 —
50*% b) 7.20:0.04 7.23:0.04 -
c) 7.02£0.04 7.03£0.04 -
a) 6.96+0.05 7.00+0.05 -
60 b) 7.27+0.04 7.30£0.04 -
c) 7.23+0.04 7.22+0,04 8.10+0,03
a) 7.37£0.04 7.40+0.04 -
80 b) 7.83x0.03 7.85£0.03 -
c)’ 7.79+0,03 7.80:0,03 8.85%0.03
a) 7.6820.04 7.72£0..04 -
100 b) 8.29%0.03 8.31+0.03 ——
c) 8.26+0,03 8.26x0.03 .9.52+0,01

a) Assuming no charged particle emission.
b) /’Assum.ng a constant <N/Z2> for neighbouring products.

c) Allowing for-a variation of <N/Z> with mass.
bd Computed using data from (Tr72).




Figure V.10

, Average nucleon yields as a function

of bombarding energy for 233U(p:f)

+X__ >: Average numbers of pre-fission

<V :
pre “'pre nhucleons emitted
<y > : Average numbers of pre-fission
pre neutrons emitted
<hp>(asym.) : Average total numbers of neutrons
o emitted for asymmetric mass splits

ORb—AH: <{N/Z2> assumed constant
OAL-—CS: <{N/2> assumed constant
A Rb-A,: <N/Z> not constant

A A ~Cs: <{N/2> not constant
uRb—AH: pre-fission charged particle
emission neglected

mA, -Cs: pre-fission charged particle
emission neglected

<Vp>(sym.) : Average total numbers of neutrons
5 emitted for symmetric mass splits:
< N/Z> not constant.
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Figure V.1l

Average nucleon yields as a function

235

of bombarding energy for U(p,£)

<V re+)( re>: Average numbers of pre-fission
p p nucleons emitted

<Vpre>

Average numbers of pre-fission
neutrons emitted

<vp>(asym.) : Average total numbers of neutrons
emitted for asymmetric mass splits

‘ ORb-—AH: <{N/Z> assumed constant

OAL—Cs: <{N/2> assumed constant
A Rb-—AH: {N/Z> not constant

AR ~Cs: <N/Zz> not constant

0 Rb-A,: pre-fission charged particle
emission neglected

IAL-CS: pre-fission charged particle
emission neglected

<VT>(sym.) : Average total numbers of neutrons
emitted for symmetric mass splits:
<N/Z> not constant. .
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-result of the distribution of energy between the excitation and
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charged-particle emission in the computations results in neutron
yields being underestimated by a substantial amount. Since the
magnitude of this discrepancy is dependent on the reliability

of the pre-equilibrium/exciton model calculations, it will be
interesting to see if possible future experimentation verifies

these predictions.

Some interesting features of the neutron yields shown in

Figures V.10 and V.1l are as follows:

"l. The total numbers of neutrons emitted increases with increas-

ing bombarding energy. This is a result of an increase in the
excitation energy of the primary fragments resulting in ﬁore
prompt neutron emission. The rate of increase of the neutron
yields, however, decreases with increasing energy. This is a
direct result of the_increase in charged-particle emission,
resulting in a continuing contribution from lower excitation 1

energy events.

2

2. There are slightly more neutrons emitted from 350(g,f) than

233

from U{p,f) reactions. This indicates that the neutron xich--

ness of the targets is reflected in the final stages of the

fission process.

3. There are more neqtroﬁs emitted for near-symmetric fissions
(AL-In) than for asymmetric fissions (Rb—AH, AL—Cs). This is a
kinetic enerqgy of the fragments. For 233U(p,f) at 13 Mev
Burnett (Bu68) has shown that the average total kinetic energy

of fragments in the near-symmetric mass regions is lower than
’

TS L) e xan
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in tﬁe asymmetric mass regions. Conservation of energy thus
implies that for near-symmetric fissions a.larger portion of
the energy release should be dissipated into excitation enerqgy
of the fragment pairs. Since the main mode of de:;xcitation
from the primary fragments is by neutron. emission, the net
result will be more neutron emission for near—symmetrié fissions.
The neutron yields calculated in this work are important to
an analysis of the charge distribution postulates as these pos-
tulates apply to the primary fragments, whereas the experimental
results are of fission products. Although the neutron yield
computations carried out thus far can be used to obtain average
total prompt neutron yields (vL+vé), estimates of the numbers of
neutrons emitted from complementary light and heavy fragments
require the use of energy balance equations for the reactions
under study. The purpose of this study is to relate the experi-
mental data to the charge distribution postulates using the
minimum amount of ab initio calculatiohs. The charge distribu-
tion postulates were thus tested by formulating equations that
gave neutron yield ratios (VH/VL) that could be compared to
experimental ratios. The details of the analysis are discussed
in the next éeqﬁion.

.

E. Analysis of the Charge

Distribution Postulates

As mentioned in the introduction, charge distribution in

€

fission is usually described in terms of three postulates.

a
>
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Functional forms of the simple equations previously given for
UCD and ECD, and a formulation of MPE were derived ds follows:
1. The UCD postulate: This postulate states that the neutron-
to-proton ratio of the fissioning.nucleus is maintained unchan-
ged in the primary fission fragments. The symbols used to
denote the charges and masses of the fissioning nucleus, primary
fragments, and fission products, together with the relatipn
between the primary fragments and the products was given in the

preceding section. The UCD postulate may thus be formulated as:

AV] —_ \Y) - -
(AL+ L) ZL (AH+ H) zH AF zF
Z = Z = 5 (v.18)
L H F

In order to circumvent the difficulty in obtaining neutron

yields from the primary fragments .the predictions of the charge

distribution postulates are expressed in terms of the following

neutron ratios: ‘

V 4V AV
« = H L y=.H
v v
T L -
By substituting for Y, and VY, in equation V.18 the following oo
relation between a and y may be derived for UCD:
. 1+ AHZL - ALZH -
o = X 7 7 (v.19)
Vp B - YL i

©

2. The ECD postulate: The ECD postu'late predicts that the
charges of the primary fragments are equally displaced from the ,

beta-stability line. This may be formulated as:

( bt ‘
e PONR ORI et . e ra— -
—aveia 3 AR 3, pawoey ex = P




lower and upper limits to the possible values of o. The value
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»

[zA(L,) - zL,] = [zA(H,) - zH,] (v.20) S
where Z, is the charge of the beta-stable isotope of mass A.

A
In this work the beta-stability line was treated-as a set of

straight lines with different slopes in’'the major shell regions.

Thus ZA=cA+d where ¢ and d are the slopes and intercepts of

\l

the beta-stability lines. These constants were taken from the
predictions of Coryell (Co53) for his work on beta-decay ener-
getics, and evaluated from the computations of Zp by Chung v
(Ch8l) , from the Droplet Model Pass_eqﬁation due to Myers(My773.

Both evaluations of Z, £ were used in the present calculations

A

and their results will be discussed in due course, By substi-
tuting fission fragment masses with product masses, and incor-
fr

porating the linearity of 2 equation V.20 may be expressed as:

Al

C A, + cCc_V

- = v
LBy, LL+dL Z c.A. + c

L HPH ggtdy 2

H,:

or:

av

T] < aYv, ] °
Zary " %L * cL[iTy = Zpmy " %yt CH[ 1y

The relation between q and v for ECD may then be formulated as:

z - 2,] —- [2 -2
_ l+y {[ A (H) W~ Paw L]} (V.21)

\’T CL-YC H

&

For both UCD and ECD, values of Y were computed by setting

v

{

~

of a chosen for comparing the results was taken as that corres-

ponding to“(vT - vpre)/“T’ which was evaluated from the neutron-

yield calcplationsnand the predictions of the pre—equilibrium/

i
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exciton model. As was the case for the neutron-yield calcula-
tions, computations were performed for summed (p,Xnf), (p,pXnf),
(py2pXnf), and (p,xXnf) reactions, and the average values were
computed as the weighted sum from all grouped reaction channels.
3. The MPE postulate: As mentioned in the introduction,
several formulations of this postulate, which states that the
division at scission is gpch as to minimize the potential enerqgy

J
of the fragments, have been used. In order to present the

results in the same form as thosegfrom UCD and ECD, this pos-

tulate was formulated as:

0 rElap| = 0 [iz.an K

(Z.-2,A,-A")]
oA min A F F

(V.22)
2
dJa D

where: ez

the electrostatic constant = 1.44 MeV-fnm,

o
]

the average separation distance of the fragment
centres at scission (fm).

The minima in the potential energies corresponding to the most
probable primary fragments (Aﬁ) were computed for the pertinent
fragment pairs resulting from fissidn of all neptunium, uranium
and protactinium nficlei predicted by the pre-equilibrium/
(exciton model. The masses of the primary fragments were taken
from the Droplet Model calculations of Myers (My77), and the D

values were estimated from the values d%rived by Britt et al.,

(Br63) for 232Th(p,f) and 233U(oz,f) reac%ions. The minima in

the curves of potential energy of the fragment pairs versus

Aé or Ai were obtained using the statistical moments analysis




~and 1.34 at 11.5 and 22 MeV respectively. For
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described previously in this work. It was found that Aé for a
given fragment pair varied linearly with the mass of the
fissioning nucleus (AF) for a given fissioning charge (ZF). .
Therefore, average values of Aﬁ were calculated for the average

values of A, resulting from the summed (p,Xnf), (p,pXnf),

F

(p,2pXnf), and (p,xXnf) reaction channels. The values of Vi

and v, were then obtained by subtracting the fission product

H
mean masses from the corresponding values of A!, and the aver-

age values of Y(=VH/vL) were computed as the weighted sum from

B

all grouped reaction channels.

The predictions of vH/vL from the three postulates, for

asymmetric mass splits resulting from 233U(p,f) and 2:’\50(}_:>,f) *

are given in Tables V.7 and V.8 respectively. The results
obtained when the complementary centroids were interpolated

from Figures V.6 and V.7 are given in Tables V.9 and V.10 for

2 235

33U(p,f) and U(p,f) respectively.

: N 4
Several neutron yield measurements from primary fragments

produced from the charged-particle induced fissions of 233U‘and

238U have been reported in the literature. All the measurements

7 S

show that for asymmetric mass splits corresponding to approx-
imately the same mass ratios as those observed in this work,

there are more neutrons emitted from the heavy fragments than

from the light fragments. For 238U(p,f)‘Cheifitz et al. (Ch70)

obtained values of VH/VL equal to 1.5 and 2.2 at 12 and 155 MeV
respectively, and Bishop et al. (Bi70) obtained values of 1.2

23
3u(p.£)




for Asymmetric Mass Splits from 233U(p,f)*

Tdable V.7: Estimates of qi/%_from the Charge Distribution Postulates

. ) vH/q_
E_(MeV) FRAGMENT = 205t
P PAIR Y uch ECD ECD MPE
(Coryell) (Myers)
A,-Rb 0.80 1.92§\\ﬂ 2.43 1.79
40 0.88 : @1‘\
Cs-AL 0.78 1.63 ‘1,93 1.75
[ .
A -Rb 0.88 1.90 2.78 1.81
60 0.86
Cs-Ap 0.85 1.67 2.16 1.78
A,-Rb 0.92 1.85 2.90 1.82
80 0.85
Cs—AL - 0.90 1.70 2.37 1.80
A, -RDb ) 0.95 1.82 3.44 1.84
100 0.84
Cs-—AL ’ 0.93 1.74 2.50 1.82

* {N/Z> assumed constant for neighbouring products..
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Table V.8: Estimates of qﬁ/q_ from the Charge Distribution Postulates

for Asymmetric Mass Splits from 235U(p,f)*
Upost UH/UL
E_(MeV) FRAGMENT e
p PAIR v ucD ECD ECD MPE
(Coryell) (Myers)
AH-Rb 0.82 1.92 2,18 1.68
40 0.83
Cs-AL 0.79 1.58 2,03 1.60
A, -Rb 0,91 1.96 2.17 1.73
50 0.84
Cs—AL 0.88 '1.63 2.21 1.65
AH—Rb 0.91 2.01 2.32, 1.72
60 0.83
Cs—AL 0.88 1.62 2,23 1.65
AH-Rb «0.92 2,01 2,48 1.69
80 0.81 )
’ CS*AL 0.89 1.60 2,45 l.64
A, -Rb 0.94 1.99 2.92 1.68
100 0.81
Cs-AL 0.92 1,59 2,49 1.63

* <N/Z> assumed constant for neighbouring products.
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Table V. 9: Estimates of vH/vL from the Charge Distribution Postulates

for Asymmetric Mass Splits from 233U(p,f)*
v /v
E_(MeV) FRAGMENT post ‘
p PAIR Ur ucD ECD ECD MPE
(CQ:ye;g) (Myers)
AH—Rb 0.79 1.97 2,39 1.75
- 40 0.88

Cs-Ap 0,79 1,71 2,01 1.83

AH—Rb 0.87 1.99 2,76 1.80
60 0.87

Cs-AL 0.87 1.74 2.23 -1.86

AH—Rb 0.91 2.00 2,91 1.81
80 i 0.85 .

Cs--AL ) 0.91 1.75 2,36 1.86

AH-Rb 0,93 2,00 3.11 1,84
100 0.84 )

Cs-AL 0.93 1.75 2,54 1.88

- *<{N/Z> not assumed constant for neighbouring products.

\
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Table V.10: Estimates of lh/%.from the Charge Distribution Postulates

/]

for Asymmetric Mass Splits from 235U(p,f)*
v
. Upost H
E’ (MeV) FRAGMENT .
P PAIR Uy uch ECD ECD MPE
(Coryell) (Myers)
] Ap-Rb 0.81 1.88 2.28 1.65
- 40 0.83
. Cs-A_ 0.81 1.65 1.94 1.66
A,-Rb 0.89 1.93 2.47 1,69
50 , 0.83 .
Cs-A_ 0.89 1.69 2.09 1,70
~ . ) "Rb ) 0.90 1092 .
60 Ay 0.82 2.55 1.69
Cs-A. 0.89 1.67 2,22 1,70
A_-Rb 0.91 1.
80 H 0.81 95 2.86 1.67.
. Cs-a 0.90 1.66 2.43 1.68
\ A_-Rb 0.93 1.90 3.25 41,66
100 H 0.81 _
CS-AL 0.92 1l.64 2.57 1.68

*;cN/Z>> not assumed constant for neighbouring products.

)
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Burnett (Bu68) obtained vH/vL values of 1.50 and 1.52 at 8.5

and 13 MeV respectively, and Britt et al. (Br64) obtained a

ratio of 1.7 for 233

U(x,f) at 30 Mev. This indicates that in-
general vH/vL values calculated using the ECD and MPE postulates
are in better agreement with the experimental results than those

calculated using the UCD postulate. However, if only the ECD

calculations, using Myers Droplet Model mass_ equation, are com-
pared with the other postulates the MPE predictions seem to .be

in better agreement with the experimental results. Since

results from the Dropleé%ﬁedel mass equation were also used for
the MPE calculations it may be arqued that the latter comparison

is more appropriate. Furthermore, the experimental data in this

work indicate that the mean masses of the fission products vary
linearly with their atomic numbers; thus the calculations based
on ﬁhese experimental systematics may be more reliable. The
results given in Table V.9 and V.10 indicate that MPE is in

better agreement with the experimental results for asymmetric

2 235

mass splits resulting from 33U(p,f) and U(p,£) .

Since the mean fission product masses were found to be a

-

linear function of their charges, calculations of vH/vL from

.the charge distribution postulates were computed for near-

’

symmetric¢ mass splits resulting in In and the possible complemen-—

] 23 235

tary products. The results from both 3U(p,f) and Ul(p,f)

are given in Table V.1ll. The ratios of \’H/\’L for these near-
symmetric mass splits were found to be 1.05 and 1.15 for

233U(p,f).at 8.5 and 13 MeV respectively (Bu68). The present

-

¥
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Table V,11: Estimates °flh/ll from the Charge Distribution Postulates
> for Near-Symmetric Mass Splits from 233ﬁ(p,f) and 235U(p,f)
v /u
Upost H/ L
| Ej (MeV) FRAGMENT =

_PAIR T ucD - ECD ECD - MPE
(Coryell) (Myers)

2By, — ‘

40 In-A, 0.89 1.13 4.77  13.46 0.90
60 In-AI, 0.88 1.12 3.52 6.50\’ . 0.92
80 In-A_ 0.86 1.19 3.75 7.15 0.97-
100 In-AL 0.86 1.15 3,17 5,28 0 '93“3

2350 0 oy

40  In-a 0.84 1,14 5.10 17,94 - 0,89
60 In"AL 0.84 1.18 3.96 8.51 0.94
80 In-a 0.83 1.22 3,73 7.16 _ 0.98
too In-Ay, 0.84 1.21 3,34 . 5,82 0.98

ot

e e
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calculations thus indicate that UCD is in better agreement
. N
with- experimental results for near-symmetric fissions from

233 .235

U(p,f) and’ U(p,f) . This supports the findings of Pappas

“,

s
(Pa66) that charge distribution in fission is fragment-mass
/

dependent. The unusually large values of vH/vL predicted by

the ECD postulate for near-symmetric fissions may be due to

Lhe complementary primary fragments be%pg located on either

side of Z=50 prioton shell closure. The lines of beta-stability
predicted by Cdfyell's study (Co53) and Myers' Droplet Model
(My77) are showri in Figure V.l1l2. As can be seen when crossing
2=50 the beta-stability line is displaced by ne;rly five mass
units. Thus in order for the complementary primary fragments

to be equally displaced from the beta-stability line the heavier
fragment must emit considerably more neutrons than the light
fragﬁent. Figure V.12 further illustrates why the ECD predic-
tions due to Coryell's study and M&ers' Droplet Model are quite
different for the asymmetric fissions considered in this work.
For fissions resulting in Rb,Cs angd their probable complemeqﬁary
products there is a possibility that the primary fragments will
be located in the neutron shell regions (N=50, N=82f1 As can

be seen, Coryell's and Myers' predictions are so different in
the shell regions that the ECD postulate becomes model depen>
dent. In conclusion, the present study of charqe distribution
in fission indicates that the MPE postulate shouid be associ;ted

with asymmetric fissions and the UCD postulate should be asso-

ciated with near-symmetric fissions.
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' Figure V.12

Predictions of the most stable charge‘(ZA)

as a function of mass numbger (A)
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The independent formation cross-sections of 84'86Rb,

lle,ll?m,ll?gIn 132.134,134m+g,136

and Cs produced from

23 235 72

3U(p,f) and U(p,f) reactions, and cross-sections of Ga
\

233

from U(p.f) have been measured radiochemically at proton

energies ranging from 35 to 90 MeV. Excitation functions of
these nuclides were construct%g and their shapes appeared to

be characteristic of their neutron-to-proton ratios.

isotopic distriputions of Rb,In, and Cs from 233U(p,f)

and 235U(p,f) reactions, and ‘Ga distributions from 23‘3U(p,f)

were measured by the on-line mass Spectrometric technique in
the energy range 40 to 100 MeV. Their relative yields were
normalized to independent formation crosg—sections measured
radiochemically. The distributions, analysed using a statis-
tical moments procedure, were found to be flat with‘respect to
a Gaussian shape. Both the Rb and Cs distributioAs were found
to have shoulders that may be due to shell effects in the
appropriate regions.

- Characteristic features of the isotopic distributions

-+

such as the FWHM and mean neutson-to—proton ratios of the
@

centroids were found td be a fugztion of bombarding energy,

the mean masses of the distribgtions, and the neutron-to-proton
ratios of the targets. 1Isotopic distributions from 238U(p,f)
were compared to the present measurements throughout: The
increase in the FWHM and the decrease in the mean neutron-to-
proton ratios with an increase in the bombardi?g energy were

1

attributed to the energetics of the fission process. The

~.

' -
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increase in the FWHM with an increase in the mean mass number
of the fission products was attributed to the distribution of
the excitation energy between the fragment pairs, and the
discernibly large widths in the cesium region were attributed
to shell effects. The linear variation of the neutron-to-
proton ratios of the products with the neutron—to—prot?n ratios
of the targets illustrates that the neutron richness of the
targets is directly reflected in the neutron richness of the
products. The data collected in this work also indicate that
the mean masses of the isotopic distributions are directly
proportional to their atomic numbers throughout the mass range
studied, and (aZ/aA)E=O.3810.02 is remarkably constant for both

2333 (5. £) ana 235 238

U(p,f) data as well as U(p,f) data compiled
from the literature. ' -

The pre-equilibrium/exciton model with the recently
developed fission option was used to predict the identities and

specific probabilities of fissioning nuclei from 233U(p,Xanozf)

{ 235

and U(p,XnYpaf) reactions. This information indicated %that

‘charged~particle emission prior to fission becomes important

‘at the bombarding energies used in this work. The fission

information from this model was used in conjunction with the

experimental results to estimate total neutron yields and to

aid in the analysis of the charge distribution postulates.
Average total neuéron yvields were estimated for asymmetric

fissions resulting in Rb,Cs, and their complementary products,

and near-symmetric fissions resulting in In and its complementary

»
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' (&
products. It was found that there are more neutrons emitted

for near~symmetri% fissions than for asymmetric fissions.“ This
is consistent with‘the fact that the average total kinetic
energy taken away Ly fragments in the asymmetric mass regions
~considered in this work is greater than in the near-symmetric
mass regions.

An analysis of the charge distribution postulates, ECD,
MPE, and UCD was carried out. This'analysis,indicated that the
MPE postulate should be associated with asymmetric fission,

although the validify of ECD cannot be ruled out, and the UCD

postulate should be associated with near-symmetric fission.

7 s
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