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URANIUM BY 20-85 MeV PROTONS

‘ . 13
The independent formation cross-sections of 39Ba,

1390, 141, lalg ., 143

139CS

Ce and the ‘cumulative formation

141Ba, and 143La produced in the

cross-sectidns<of R
fission of natural uranium by protons of energies 20-85 MeV
have been measured radiochemically. Excitation functions were
-constructed and the proton energies at which the -excitation
functions reach their maxima fall on a smooth curve when
plotted against neutron-to~-proton ratio of the product.

Nuclear charge dispersion curves were -constructed at 20, 30,
40, 50, 60, 70, 80, and 85 MeV. The general behaviour is
similar to that observed by previous workers. With increasing
proton energy the curves broaden and the most probable charge
approaches the line of beta-stability. These phenomena are
qualitatively explained in terms of neutron evaporation,
Experimental yields showed good agreement when compared with
Wahl's empirical charge distribution curve. It seems that

charge dispersion can be very adequately represented in the

form of a Gaussian distribution,
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I. INTRODUCTION

I-A. GENERAL

The work of Fermi and his~c011aborators(1) on the

interaction of neutrons with heavy nuclei and resultant
production of new radioactive species led Hahn and Strassmann(z)
to show that, when neutrons react with uranium, elements with
much smaller atomic weight and atomic number are formed.
Meitner and Frisch(3) named this new type of reaction 'Fission',
which is broadly defined as the break-up of a nucleus into two
roughly equal fragments.

Fission can -occur spontaneously or be induced.
Spontaneous fission was first observed by Flerov and Petrzhak(a)
in uranium. It is another mode -of radioactive decay {different
from alpha decay) of nuclides in their ground state with atomic
numbers 2> 90. Induced fission occurs when sufficient
excitation energy is given to a nucleus by photons or particles

of varying energy. The characteristics of this nuclear

reaction depend upon the energy of the projectiles.

(1) Nuclear Reactions

Nuclear reactions are arbitrarily divided into ‘low-,
medium-, and high-energy reactions. Low-energy reactions are
induced by‘projectiles‘with‘eneggy less than 40 MeV. The
areas between 40 MeV and 100 MeV and that greater than 100 MeV

are called medium- and high-energy reactions respectively.



(a) Low Energy Nuclear Reactions:

In order to explain the mechanism of nuclear reactions
at low energies, N. Bohf(s) introduced the idea of a compound
nucleus, When a projectile impinges upon a target nucleus, the
incoming energy and momentum are shared among all the nucleons
of the nucleus, resulting in a 'compound' nucleus. The
excitation of this nucleus is equal to the kinetic energy of
the projectile plus the binding energy of the incident particle.
The mean lifetime of the compound nucleus is of the order of
10-14 to 10-17 seconds, which is quite long compared to the
time required for a particle to traverse the nuclear diameter,
about 10”22 geconds.

The decay of a compound nucleus is independent of its
mode of formation but dependent upon its excitation energy,
momentum and parity. A particle will be emitted only when it
acquires sufficient energy (its binding energy plus energy to

overcome the barrier) by random collisions among the nucleons.

Therefore the formation cross~section can be expressed as
o(A,B) = o_(a) 2_(B) (1-1)

where UC(A) is the formation cross-section of the compound
nucleus with projectile A, and PC(B) is the probability that
the compound nucleus will de-excite by the emission of particle
B. Furthermore, if we consider the cross-section for the
emission of particle X from the above compound nucleus, and the

emission of particles B and X from the same compound nucleus



formed by a different projectile D, and if the compound nucleus
‘has the .same excitation energy in each case, then the following

expression should hold:

a(a,3) | 2e®) _ o(o,3)  (12)
o(A,X) Pé(x) o(D,X)

where.Pc(X) is the -probability of a compqund nucleus :de-exciting
by the ‘emission -of a particle X.

WeLsskopf(s) and Shapiro(7) gave -a detailed
mathematical treatment for compound nucleus formation -and
derived a formula to calculate the formation cross-section
values.

Ekperimental evidence for the compound nucleus
formation was supplied by*Ghoshal.(S) He bombardediﬁoNi with
alpha*particles~and 63Cu with protons :and formed 64Zn compound
‘nuclei in both cases. He found that the experimental cross-
‘section values satisfy Bohr'S‘predicgion as given by the

-following equation:

o(p,n) Efo(pQZn) - o(p,pn) (1-3)

o(a,n) o(a,2n) e(a,pn)

John(e) further verified this in the same fashion.

ZOQP

He obtained (a,xn) cross-section values by bombarding b

210

with alpha particles forming the Po compound nucleus and

compared his values with the-(p;xn) cross~-section values from
210Po compound nucleus at the -same -excitation energy formed by

Keﬂﬂhy(lo) in his studies of 20991 with protons. He found



similar results as those reported by Ghoshal.
The ‘prediction that the angular distribution of the

‘emitted nucleons should be symmetric about 90° in the centre-

of-mass system was proved experimentally by Armstrong and
Rosen(ll) among .others from their studies on different elements
bombarded by 14 MeV neutrons.

Similarities in the shapes of energy spectra of
emitted particles from the same compound nucleus formed in two
‘different ways were shown by Sherr and Brady.(lz) They

studied the 59Cfo(p,a)56

Fe reaction and found the shapes of
alpha-particle spectra similar to those from 56Fe(a,a')56Fe

obtained by Lassen et al.(13) at the -same energies.
(b) High Energy Nuclear Reactions:

As the energy of the projectile is increased, the
-compound nucleus mechanism does not explain all the observed
characteristics .of the reaction, At medium energies (40 MeV -
100 MeV), the reaction proceeds through both compound nucleus

formation and the process .called direct interaction. The

latter process becomes increasingly prominent with increasing
projectile energy and at high energies (:7 100 MeV) the
reaction proceeds predominantly through the direct interaction
mechanism.
(14) .

Serber suggested a two-step process to explain
the direct interaction mechanism. First, direct nucleon-
nucleon collision or cascade, which is a fast process, followed

by nucleon evaporation, which is a slow process.




In the cascade, also called the knock-on, phase, the
reaction is assumed to proceed through successive two-body
collisions between the incident nucleon and the individual
nucleons in the target nucleus. This assumption of Impulse
Approximation (the .collisions can be,considereg as those
between free nucleons) is justifiable because the effective
wave-length of the high energy incident nucleon is very small
compared to the inter-nucleon distance. The incident nucleon
has a long mean free path; therefore, either it may traverse
through the target nucleus without suffering any collisions or
it may make a collision with a nucleon in the nucleus. After
the first collision, both or either of the collision partners
may be emitted or further collide with other nucleons of the
t;rget nucleus, depending upon the kinematics and energetics of
the process. In this way, an inter-nuclear cascade is
generated and a few prompt nucleons with varying kinetic emergy
are emitted leaving residual nuclei in different excited states.

Since the collisions occur within nuclear matter,
each cascade step is governed by (1) the Pauli exclusion
principle which prohibits collisions leading to occupied states,
(2) the momentum distribution of the nucleons in the nucleus,
and (3) the change in the kinetic energy of the incident
nucleon as it crosses the nuclear boundary of the target
nucleus.

The cascade phase continues until prompt nucleons can

no longer be emitted and a state of equilibrium is then




established through multiple collisions among the nucleons.
Nuclei in this equilibrium state still possess sufficient
excitation energy to evaporate one -or more nucleons. This
evaporation phase is a slow, random process and proceeds in
much the ‘same way as the de-excitation of the compound nucleus.
The result of the .cascade-evaporation process is a spectrum of
the end«products.

Experimental evidence for the -cascade-evaporation
procesgss is provided by several workers. For example,

(

Meadows 15) bombarded copper with protons up to 100 MeV and
found his results of (p,xn) and (p,pxn) excitation functions
agreeing with compound nucleus formation only at low energies,
but those at higher energies were in agreement with the
cascade-evaporation mechanism.

When various elements were bombarded by protons of
energies 18 MeV(16), 23 MeV(17), and 31 MeV(ls), asymmetry in
angular distribution of inelastically scattered protons was
observed, and this was attributed to the direct interactioh
mechanism,

(19)

Caretto and Wiig studied the absolute cross-

sections for a number of niclides formed by the action of

60-240 MeV protons on yttrium and explained qualitatively their

results in terms of cascade-evaporation process.
(8) Monte Carlo Calculations:

The random nature of cascade and evaporation

processes suggests the use of Monte Carlo calculations.




Goldberger(zo) first tested quantitatively the cascade theory
by using the Monte Carlo method. This method of calculation
involves the use of various nuclear parameters, such as

nuclear radius, the depth of the potential well, and cut-off
energy. The nucleus is looked upon as a degenerate Fermi gas
in a square ‘potential well with a uniform density distribution.
Several workers(21'25) have used this method for a variety of
reaction conditions but with some fefinements for the technique.

1.(24’25) are the most complete.

The results of Metropolis et a
They have calculated reéults for various target nuclei and
several incident energies by following a large number of
cascades for each set of initial conditions, giving better
statistical accuracy than the previous -calculations. They
reported the calculated values of the distribution in atomic
number, mass number and excitation energy of the residual
nuclei. They also calculated type, number, energy, and
angular distribution of the emitted particles.

(26) (27)

Le Couteur and Jackson , among others, have
performed calculations of the evaporation process using
Weisbkopf's(6) evaporation formalism to compute analytically

the average behaviour in the de-excitation process. Rﬁdstam(ZB)
and Dostrovsky et al.(28’29) have also applied the Monte Carlo
‘method to the evaporation calculations. This calculation
involves the use of the mass number (A), nuclear charge (Z),

and excitation energy of the original nucleus with appropriate

selections 'of the nuclear radius, level density parameter,

potential barrier, etc. The output of this calculation gives




the ‘average nuclear charge and mass number of the product
nuclei, and also the energies and multiplicities of the
evaporated particles.

The probability of the formation cross-section of a
nuclear reaction product is obtained by combining the results
of the calculations of Both the cascade and the evaporation
processes. In general, the calculated values agree quite well
with experimental results, except for a few discrepancies.

.For example, Metropolis et al.(24) and others(30’31) found that
the calculated yields of the (p,pn) reaction are lower than the
experimentally determined yields by a factor of two or three.
They suggested that this may be due to faulty input information
concerning the nuclear boundary, i.e. it should probably be a

diffuse edge rather than a sharp boundary.

{2) Fission

(a) Fission Phenomena:

Fission of heavy elements induced at low energies
proceeds predominantly through compound nucleus formation. For

example, in thermal neutron fission of 235U

, the neutron is
captured to form a compound nucleus in an excited state, which

then undergoes fission. This process is represented by the

following expression:

1 2: *
2355 4+ 1n o [236g* 1x1 + sz +yla+ 9+ Qe (1-4)
92 o 92 Z Z 0
1 2
| 42
In the above representation, X1 and X2 are the
Z Z

1 2




primary light and heavy fragments respectively, formed in the
fission process. )) 1is the total number of neutrons released.
Most of these neutrons (99%) are emitted within about 10"'14
seconds and are called prompt neutrons. About 1% of the total
neutrons are emitted with gradually decreasing.intensity for
several minutes after the actual fission process, and these are
known as delayed neutrons. The average number of neutrons

emitted in each thermal neutron fission event is 2.5, and thus

it can be seen that the fissioning nucleus divides itself in

more than one way. 7 is the energy released as electromagnetic
radiation at the instant of fission. Q is the kinetic energy
of the fission fragments and fission neutrons. The total

energy released in the fission process is approximately 180 Mev.
In the above representation of the fission process,
the laws of conservation of mass (A) and charge (Z) must be
satisfied. Therefore the sum of mass numbers of complementary
fission fragments plus the actual (integral) number of neutrons
emitted, for a given pair, must be equal to the mass of the

compound nucleus:

A, + A, + Y = 236 (1-5)

Also, the sum of the nuclear charges of the complementary
fission fragments must be equal to the nuclear charge of the

fissioningchuocieus:

z, +2, = 92 (1-6)
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However, the above equations are not intended to
A1 A2

define X. and X
Z1 1 Z,

number of neutrons )V emitted vary for every fission event.

2 uniquely because as stated before the

The equations merely identify complementary fragments with
average mass numbers A1 and A2'

When heavy elements are bombarded by high energy
particles, competition between fission and particle-evaporation
becomes increasingly important. Processes like fragmentation
and secondary reactions are also observed. A typical chain of
fission-particle-evaporation competition can be given as
follows:(32)

1
. . [ 1 . 1t
AX(E) Particle Ax (E ) PartlcleQ‘ AX"(E ) (1_7)

l Emission l Emission - l

Fission Fission Fission

In the above scheme, a nucleus of mass A with an
excitation energy E evaporates particles to form successively
nuclei of masses A'g A", etc., and energies E'; E", ~==~ with
fission as an alternative to each particle evaporation step.
Fission may take priority over particle emission or vice-versa,
depending upon the energetics of the system. Evaporated
particles are generally neutrons rather than charged-particles
because the latter require an additional energy to overcome the
Coulomb barrier. So competition between fission and neutron
evaporation is usually considered at each step. The Monte
Carlo technique, with some modifications to include the

possibility of fission at each step, is used to calculate the

formation cross-sections of reaction products.

Several workers(33'36) have studied the reactions of
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fission-evaporation competition. Pate(37) has performed the
systematic calculations by combining nuclear cascade and
nuclear evaporation processes to compute the average neutron-
to-proton ratios of fission products from thorium bombarded by
8 MeV and 87 MeV protons(38), and uranium bombarded by 480 MeV.

protons.(Bg)

(b) Fission Probability:

The probability of fission seems to be related to
nuclear charge (Z) and mass number (A) of the fissioning
nucleus., In order to distinguish between fissile and non-
fissile nuclides, a parameter, x , talled the 'fissionability
parameter' is obtained by considering Coulomb and surface

(40) The Coulomb energy is

energies of the spherical nucleus.
proportional to (Ze)ZIR, where R is the radius of the nucleus,
and the surface energy is proportional to 4nR2. Thus the

3, and hence the term 22/A

parameter x is proportional to 22/R
enables one to estimate the fissionability of a nuclide.

Those nuclei with a value of ZZ/A greater than about 45 are
unstable towards fission.

However, measurements made for photo-fission and
neutron fission cross-sections indicated that the fission
thresholds do not depend upon the value of ZZ/A alone. Similar
conclusions were drawn from the studies of half-lives of
spontaneous fission of even-even nuclides. Seaborg(41) has
developed an empirical relation to calculate the slow-neutron

fission threshold, E as given by the following equation:

‘b’
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2

E, = (19.0 - 0.36 .ZZ- +€ ) MeV (1-8)

where (o

€
€

0O for even-even,

0.4 for even-odd, and

0.7 for odd-odd nuclides.

Since a measurable amount of neutron-induced fission
occurs at an excitation energy less than the fission threshold

Eb’ it was further proposed that the activation energy, E is

a’

about 0,9 MeV less than Eb' The values of Eb’

can be calculated and also the neutron binding energy, Bn’ for

and hence Ea’

a nuclide with mass number A + 1 can be obtained. If the

difference between Bn - E is positive, then the fission cross-

a
sections will be greater than about one barn, If the
difference (Bn - Ea) is negative, then the fission cross-
sections will be less than about one barn. However, even
though the correlation between calculated and observed values
for slow~-neutron fission is good, this line of demarcation of
fissile and non-fissile nuclides is quite arbitrary.

In fission induced by particles with high energies,
where the competition between fission aﬁd neutron evaporation
has to be considered and the probability of neutron emission is
comparable to that of fission, the relative probability for
neutron emission or fission is expressed in terms of the
partial 'width' ratio rﬂn/[ﬂf. This ratio, though supject to
a mass number dependence, decreases as the nuclear charge

increases. There is no marked dependence of the above ratio

on excitation energy.




I-B. FISSION STUDIES

(1) Mass Distribution

The distribution of mass in fission has been
determined by two types of measurements: (a) physical
measurements, where the kinetic energy disttfibution of fission
fragments is determined, and (b) chemical measurements for
which there are two methods available, (i) radiechemical,

(ii) mass spectrometric, In the radiochemical method, the
cumulative yields .of radioactive nuclides near the end of the
‘mass chain are measured. With the mass spectrometric
technique, the yields of stable and long-lived members at the

(42)

end of the mass chain are determined.
(a) Physical Measurements:

Kinetic energy distribution of fission fragments is
determined either by measuring the ionization produced by
fragments in an ionization chamber or by measuring the velocity
distribution of the fragments by the time-of-flight method.
Both techniques are outlined below.

(i) Ionization Measurements:

Two back-to-back ionization chambers, having a common
cathode made of a very thin foil, are used for the simultaneous
measurements of the ionization produced by a pair of fission
fragments each travelling in an opposite direction. If the
fissioning nucleus is considered initially at rest, then the law

of conservation of momentum, neglecting emitted neutrons, gives
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M Vo= MV (1-9)

where M mass of fission fragment,

<
[}

velocity of fission fragment, and

L and H refer to light and heavy fragments
respectively.
Also, it can be easily derived from equation (I-Q)

i

that

_— ———_— T ——m (1-10)

where E = kinetic energy of the fission fragment.

Equation (I-10) shows that the masses are inversely
proportional to kinetic energiesy; hence, from the measurements
of kinetic energy distribution of fission fragments, the mass

distribution can be determined.

(ii) Velocity Measurements:
The distribution of the velocity of fission fragments

is measured directly by irradiating a target film deposited on

a thin foil, Measurements are made by the time-of-flight
method. The fission fragments are detected by scintillation
detectors. One fragment travels only about a centimetié

before striking a detector, while the other fragment travels
about 350 centimeters along an evacuated tube. The pulses are
projected on a cathode ray tube and photographed. The
distance between the two peaks gives the velocity which is then

converted into the kinetic energy of the fission fragments.
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The energy distribution of the fission products

formed in thermal neutron induced fission of 233U, 235U, and
239Pu(43’44) and in fast neutron fission of 235U, 238U, 232Th,
and 239Pu(45’46) have been measured.

(

Leachman(47), and Milton and Fraser 48) have measured

the velocities of fission fragments produced in thermal neutron

fission of 233U, 235U, and 239Pu.
Britt and Whetstone(llkg's studied the fission of 230Th,
232 233
Th, and U induced by alpha particles of various energies

and determined the mass and total kinetic energy distributions

of the fragments. They also reported the average number of

prompt neutrons emitted as a function of the fragment mass.
Whetstone(so) measured the velocities of the

230T

coincident fission fragments emitted in fission of h,

232Th, and 233U induced by alpha particles of various energies,

and in fission of 230Th induced by 12 MeV and 14 MeV deuterons.
In each case, he found that there was a decrease in the
average total kinetic energy of the fragments for symmetric
mass division. He also determined the dependence of prompt
neutron emission upon fragment mass by comparing the primary
mass yields he obtained with those measured by radiochemical
methods.

Milton and Fraser(51) have reported the energies,
angular distribution, and yields of the prompt neutrons from

individual fragments in the thermal neutron fission of 233U

and 235U by velocity measurements.




(b) Chemical Measurements:

(i) Radiochemical Method:

This method involves the separation of the fission
product of interest in a radiochemically pure form, free from
contaminating activities. Since the amount of a nuclide
formed in fission is small, a known amount of the element to
be separated is added in inactive form as a carrier. In
order to ensure complete exchange between the inactive carrier
and the active isotope, the two must at some time be in the
same or readily exchangeable valence state.

The element of interest is isgsolated by specific
precipitations, solvent extraction, ion-exchange separation,
etc. 'Hold-back' carriers and scavengers are used to remove
the suspected contaminants. .Finally, samples of the radio-
active nuclide are measured with a radiation detection
instrument to determine the number of active atoms present.
The total number of atoms formed in fission is determined after
applying necessary corrections, such as chemical yields,
counter efficiencies, branching ratios, etc. The fission
yields are then calculated by applying appropriate equations.
(Details of these equations are given in Appendix A.) The
yields are usually expressed as a 'cross-section', o. This
is defined as the probability that a particular type of nuclear
reaction will occur at a certain bombarding energy for a given
target and projectile. The cross-section values have the
dimensions of an area and are given in the units of barn

(1 = 10-2% cmz).




(ii) Mass Spectrometric Method:

This is a very sensitive method with good precision
(f 1%) to determine relative or absolute fission product
yields. It is possible to determine the yields of stable and
long-1ived isotopes that grow from active fission products and
that may be formed directly in fission. Fission yields for

several mass chains can be determined at the same time for a

mixture b&fi.fission products from a single irradiation.
(iia) Relative Fission Yields:

To determine relative fission yields, a mass
spectrogram for a certain element is compared with a standard
of known isotopic abundances of the same element. The
relative cumulative fission yields of the fission products
having an end-product element, as that of the standard, are
then determined simply by comparing the mass spectrogram for
the fission end-product with that for the standard. The mass
numbers of the fission products are determined from the
respective positions of the mass ‘peaks in the end-product
spectrogram, and the mass peak height ratios of standard to
fission product give the relative fission yields. Absolute
yields are calculated either by (a) normalizing the measured
relative yields together with yields determined radiochemically
to 1007% for either the light mass region or the heavy mass
region, or (b) by normalizing through a particular, precisely-

known fission product yield.
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(iib) Absolute Fission Yields:

The absolute number of atoms of each nuclide in a
mixture of fission products can be determined by the method of
isotope dilution. A known amount of an isotope, or of the
naturally occurring element itself, is added to the sample to
be analysed. The element is separated chemically or by the
mass spectrometer, and the resultant change in isotopic
abundances 0of the element in question in the mixed sample is
determined mass spectrometrically. The concentration of the
nuclide of interest in the sample is then calculated from the
change in isotopic abundances and the known amount of the
tracer added. A quantitative recovery of the tracer-sample
mixture is not necessary because the analysis depends only
upon the ratio of the isotopes in the mixture.

Absolute fission yields are determined by measuring
the total number of fissions, in addition to the absolute
number of atoms of a nuclide produced in fission. For
neutron bombardments, the total number of fissions in an
irradiated sample is generally determined by the use of flux

monitors such as BF Co, or Sm.

3’
The mass distribution curves are constructed by
plotting the percentage yields of the various fission products

against the respective mass numbers. A comparison of the

. . , 2
three distribution curves determlned(5 ) in thermal neutron

233U 235U 239

fission of , and Pu is shown in Fig. 1. The

)

.general behaviour is similar. The ‘curves are approximately
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FIGURE 1

MASS DISTRIBUTION IN THERMAL NEUTRON FISSION

FROM KATCOFF(SZ)
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-symmetric in nature but the mode of fission is asymmetrical as
exhibited by the occurrence of two, light and heavy, mass
peaks. The nuclides which lie at the bottom of the valley
typify symmetric fission and those which lie on the peaks
typify asymmetric fission, The maxima of the heavy mass peaks
seem stationary near about mass number 137, and those of the
light mass peaks vary approximately between mass numbers 94 to

99 in going from 233U to 239Pu

. The mass distribution extends
almost from mass number 70 to mass number 160, and the full
width at half maximum for each peak is about 15 mass numbers.
Spikes occur near the top of each peak. This 'fine structure'
has been attributed to shell effects, but no real explanation
consistent with all the experimental facts has yet been offered.

The asymmetric fission mode seems to be persistent
also in fission of heavy elements induced by charged particles
of low energies. However, with increasing projectile energy,
the symmetric fission mode becomes more probable.

Stevenson et al.(53) from their work together with
data of others(54'56) have reported the fission product
distribution of 238U at various proton energies. These.curvesv
are shown in Fig. 2. It can be seen that, with increasing
projectile energy, the distribution becomes broad and the two
humps slowly disappear forming a single-peaked curve. The
greatest change is the increase in the probability of symmetric

fission with increasing projectile energy. The distribution

extends approximately from mass number 79 to mass number 159 at
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FIGURE 2

FISSION-PRODUCT DISTRIBUTIONS OF 238U BOMBARDED

WITH PROTONS OF VARIOUS ENERGIES(53)

®@ - Stevenson et al.(53)

B - Hicks et al.(ss), and
Hicks and Gilbert(56)

(54)

A - Lindner and Osborne

X - Reflection points
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10 MeV and from mass number 55 to mass number 160 at 340 MeV,
showing that the probability of formation of fission products
with low mass number increases with increasing projectile

‘energy.

(2) Charge Distribution

Measurements of nuclear charge distribution in
fission have furnished important information about the nature
-of the fission process. A distinction should be made between
charge dispersion and charge distribution, though these two
terms are frequently used interchangeably. Charge dispersion
implies the independent fission yield distribution among the
isobars ‘at a given mass number, and charge distribution is
better explained as the manner in which the nuclear charge
divides itself between the two fragments in the fission act(57).
In order to obtain the charge distribution from charge

dispersion data, it is essential to know the atomic number of

the fissioning nucleus,
(a) Postulates:

Three charge distribution postulates have been
proposed by various workers to describe the distribution of

nuclear charge in fission. They are as follows:

(i) Minimum Potential Energy (M.P.E.):

This postulate was suggested by Way and Wigner(ss)

(59)

and was formulated theoretically by Present. It states

that the most probable charge distribution in fission is that
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in which the two fragments have a minimum potential energy.
This hypothesis predicts smaller chain length in the light than

in the heavy mass region,

(ii) Unchanged Charge Distribution (U.C.D.):
Sugarman and Turkevich(60) put forward this hypothesis
and it was first used successfully by Goeckermann and
Perlman(6l) to account for the results of their study of 190 MeV
deuteron-induced fission of bismuth. According to this
hypothesis the fission products will have the same  charge-to-
mass ratio as the fissioning nucleus., It can be represented by

the following equation:

z _(A) Z,
P = : (I-11)
A Ac -y
where A = mass number of a particular mass chain

under investigation.

z,(4)

A and Z
c c

the most probable -charge of mass chain A.

‘mass number and atomic number of the

. c : .
compound nucleus respectively.

i}= the average number of prompt neutrons
evaporated from the compound nucleus

as fission takes place.
This hypothesis predicts larger chain length in the

light than in the heavy mass region.
(1ii) Equal Charge Displacement (E.C.D.):

This hypothesis was first proposed by Glendenin et

(62) (63). It states that when

al, and later modified by Pappas




fission occurs, the most probable charge, Zp (not necessarily
integral), for the light and heavy fragments will be equally
displaced from stability. This can be given by the following

equation:

(zA - zp)L = (zA - zp)H (1-12)
where ZA and Zp are the most stable charge and the most
probable charge respectively for a given mass chain A. L and
H designate light and heavy fragments respectively.

Coryell et al.(64) have given a prescription for the
inter~-comparison of data of the most probable charge for a
given mass chain A, Zp(A), from various types of fission
differing in the compound nucleus formed and in excitation
energy. This prescription is formulated with the assumption
that the shape of the»charge distribution curve is the same
for all fissioning nuclei as that along any isobaric chain for

235

thermal neutron fission of U, only its position varies with

the compound nucleus and the excitation energy.

(b) Measurements:

Nuclear charge distribution can be determined by
physical and radiochemical methods. There are two physical
methods available for determining the average .charge of primary

(65)

products as a function of mass number. One method uses a
gas-filled mass spectrometer to separate the fission products,
and the rate -of beta-disintegration per fission is determined

for each interval of mass.(66) In another method, the
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simultaneous measurements of masses and characteristic K X-ray
energies associated with the primary fission fragments are

(67,68) The masses of the fragments are established from

made.
their kinetic energy measurements, and the X-ray energies give
the atomic numbers.

The radiochemical techniques described under mass
distribution (P.16) are also used to determine independent
yields in charge distribution. The measurements of the
independent yields of the primary products resulting from the
splitting of the fissile nuclei are severely limited due to the
very short half-lives of the fission products which are far
away from the beta-stability 1line. Hence, studies have been
confined to the shielded and semi-shielded nuclei and those
that can be chemically separated in a time comparable to the
half-life of their parent,. In the latter case, since both
members of a parent-daughter pair are produced independently,
corrections for growth of daughter from parent during and
after an irradition must be made. This can be accomplished
either (1) from two separate irradiations with appropriately
chosen periods of irradiation and fixed time intervals between
the chemical separation of the daughter and the end of the
bombardment, or (2) from a single irradiation followed by two
successive separations of the daughter product. In the former
case, the daughter activity from each irradiation will lead to
an equation of the form of equation B.15 (derived in Appendix B)

and these equations are then solved simultaneously for the
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cumulative formation cross-section of the parent nuclide and
the independent formation cross-section of the daughter nuclide.
In the case of a single irradiation, the cumulative formation
cross-section of the parent nuclide is calculated in standard
fashion from the daughter activity obtained in the second
extraction. The independent formation cross-section of the
daughter nuclide is then calculated by means of equation B-15
(given in Appendix B) from the daughter activity obtained in
the first extraction. |

The following is a brief survey of some of the major
works in the field., Glendenin et a1.(62) were the first to
consider nuclear charge distribution in thermal neutron fission

of 235U and came up with the Equal Charge Displacement

(63)

postulate. Pappas studied the fission yields in the shell
perturbation region and modified the E.C.D. postulate to account
for shell effects.

Wah1(69) investigated the fission of 235U bombarded
by 14 MeV neutrons and obtained the fractional chain yields of
several iodine and tellurium isotopes. The results were
correlated with the E.C.D. postulate.

Hicks and Gilbert(56) have studied 238U fission
induced by 70 MeV to 340 MeV protons, 19 MeV to 190 MeV
deuterons, and 50 MeV to 380 MeV alpha particles. They
obtained the yield data for several fission products and
correlated their results with the U.C.D. postulate.

Kennett and Thode(7o) mass spectrometrically

determined the independent yields of iodine isotopes produced



in fission of 233U, 235U, and 239Pu by thermal neutrons, and

. s s 23
bromine isotopes produced in thermal neutron fission of 3U

235U 239Pu

and and in fast neutron fission of . They found

s
their data could not be fitted according to the E.C.D.
hypothesis. Hence, they postulated that the fission act
occurs in such a manner as to maximize the energy release in
fission. They also suggested on the basis of their dodine
data that, in the mass region below mass number 130, the most
probable charge, Zp, stays close to and just above 50.
Alexander and Corye11(71)‘found that the calculations of the
most probable charge based on the postulate of Maximum Energy
Release, applying to all mass regions, gave worse scatter of
data than the original E.C.D. postulate.

Gibson(72) studied the action of 20 MeV deuterons on

239Pu, 23 MeV deuterons on 233U, 31 MeV deuterons on 237Np, and

46 MeV alpha particles on 237Np. He found that the observed
charge distributions lie between the E.C.D. and the U.C.D.
hypotheses.

Lavrukhtna and Krasavina(39) investigated the fission
of 238U, 232Th, and 209Bi induced by 480 MeV protons. They
obtained charge distribution cufves which were asymmetric in
nature with the yéelds §alling steeply on the neutron-excess
side.

Porilevand Sugarman(73) studied the 450-MeV proton-
induced fission of bismuth and téntalum. They found that the

results could be explained in terms of the E.C.D. for bismuth

and the U.C.D. for tantalum.
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Wah1(74) has reported the independent yields of
krypton and xenon isotopes with very short half-lives from
thermal neutron fission of 235U, using the émanating power of
stearates. He constructed an empirical curve of the most
probable primary charge, Zp’ vs. mass number. The results
were in correlation with the E.C.D. postulate.

232Th with 8 MeV to 80 MeV

Pate et al.(38) bombarded
protons and measured the independent and the cumulative yields
of various iodine and tellurium isotopes. They constructed
charge distribution curves at different proton energies and
found that, as the bombarding energy is increased, the curves
become broader and the most probable charge, Zp, moves closer
to the beta stability line. Pate(37) performed calculations
based on the prompt nuclear cascade and nuclear evaporation
processes and found that the data were not inconsistent with
the E.C.D. hypothesis.

Chu(75) obtained fission yield data by mass-

238U a 235

spectrometric studies. He bombarded nd U with alpha

particles of various energies, 238U with 730 MeV protons and
100 MeV carbon ions. His results fitted an intermediate
recipe between E.C.D. and U.C.D. Moreover, he found ffom the
charge distribution curve constructed from proton data that,
although the curve was asymmetric, the yields were falling
steeply on the neutron.deficient side, which is quite opposite
to the observations made by Lavrukhina and Krasavina.(39)

Friedlander and Yaffe(76) measured the formation

cross-sections of several isotopes in the mass range 38 A L48
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produced in the bombardment of Pb and U with 3.0 BeV protons.
They found that the maximum of the isobaric yield distribution
for the nuclides from lead bombardment occurs at the stability
line, while that from uranium is somewhat on the neutron-excess
side. The data were shown to be consistent with a cascade-
fission-evaporation mechanism.

Ridstam and Pappas(77) found in 170 MeV proton-induced
fission of uranium that the results lie half-way between the
U.C.D., and E.C.D. postulates.

Colby and Cobble(78) obtained the primary yields of
various fission products formed in fission of uranium isotopes
induced by 20 MeV to 40 MeV albha particles and correlated the
data with the U.C.D. hypothesis. They also noted that the
data for nuclides away from the closed neutron shell gave a
smooth correlation and that data for nuclides of 83 neutrons
also showed a smooth correlation but narrower distribution
curve.

(79)

Kjelberg et al. ‘measured the fractional chain

yvields of several fission products formed in 13 MeV to 82 MeV

proton-induced fission of 232Th and found their results agreed

qualitatively with the data of Pate et a1.(38)

Wahl et al.(80) have collected data on independent

and cumulative yields of a number of fission products in

thermal neutron fission of 233U 235U 239P

2
SZC

, and u, and

b

spontaneous fission of f, which were very useful for an
analysis of the E.C.D. hypothesis. By an empirical approach,

they constructed a charge distribution curve from their data of
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six different mass chains and showed that the curve could be
described with the help of two parameters, the most probable
charge ZP for a particular mass chain A,'ZP(A), and the constant
C, which defines the fulld-width at half maximum of the

distribution, and this is assumed to have a Gaussian shape.
-% 2
p(z) = (Cx)™* exp[-(z - 2 )"/cC] (1-13)

where p(Z) is the fractional independent yield of the fission
product with atomic number Z. They used the value of constant
C =0.9, the best fitting value for their experimental data.

It was assumed that this charge distribution curve
would be applicable to other chains for which the fractional
yield of only a single member was known. The most probable
charge values interpolated from the curve were plotted against
the respective mass number and a smooth, continuous curve was
drawn to fit the values as well as possible. The comparison
of their chargé-distribution curve with those obtained by other

workers(62’63)

is shown in Fig. 3. It can be seen that the
general behaviour of the curves is similar but the one
determined‘by Wahl et al. is narrowér and riées to a higher
maximum than the other two.

The results of the studies, as reviewed above, have
been qsed mostly to substantiate the postulates of the U.C.D.,
the E.C.D., or the intermediate path between the two. In
applying these postulates, nuclear charge distribution is
tsually determined by the variation of the fractionmal chain

yields of a given mass chain as a function of Z - Zp or Z - ZA’
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FIGURE 3

NUCLEAR CHARGE DISTRIBUTION

———————— « Glendenin et al.(62)

(63)

¢ ~ Pappas

- = = = = Wahl et al.(so)
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where Z is the atomic number of the fission product nuclide
under investigation, and ZA and ZP are the most stable charge
and the most probable charge respectively of a mass chain A.
However, various workers have proposed that the discontinuities
in Z, and Zp:at nuclear shell edges be taken into

A
account(63’70’84).

Friedlander et al.(sz) have ‘shown that the
neutron-to-proton ratio, N/Z, of the product nuclide is a more
useful parameter in determining nuclear charge distribution

since it avoids the difficulties inherent in determining Z, and

A
Z .
i 8
Kaufman( 3) has also found that the ratio of neutrons-
to-protons in the nucleus gives a smoother curve than Z - ZA as
abscissa. He obtained charge distribution curves by measuring

the formation cross-sections of a number of nuclides in the
mass range 65 AL 74 in the bombardment of In, Au, and U with
2.9 GeV protons. The curves were found asymmetric about the
‘peak, with uranium having the most asymmetry and the yields
falling more steeply on the neutron-deficient side.. The peak
position was found to shift towards a larger neutron-to-proton
ratio as the target mass was increased.

Friedlander et al.(82) have studied extensively the
fission of natural uranium by protons ranging in energy from
0.1 GeV to 6.2 GeV. They reported cross-sections for the
independent formation of cesium isotopes in the mass range

84,86Rb and 131Ba

127€A£ 136, . They constructed charge dis-
persion curves at various proton energies by plotting the

independent yield of a product against the neutron-to-proton
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ratio of that -particular fission product. They found that the
-curves broaden with increasing energy and that the peak position
moves :closer to the beta stability line. They also constructed
an empirical curve relating the energy at which the excitation
functions reach their maxima to the ratio of memtrons-to-
protons of the fission product. | It was found that the maxima
of the excitation functions move to higher energies with
decreasing neutron-to-proton ratio. The results were semi-
quantitatively accounted for by assuming fission with the U.C.D.
followed by nucleon evaporation.

The work of Davies and Yaffe(84) extended the
empirical curve -0f Friedlander et al.(sz) by another decade of
energy to include cesium isotopes in the mass region 130< AL 138
produced in the fission of natural uranium by 20 MeV to 85 MeV
protons. They constructed charge dispersion curves from the
data at different proton energies, using the neutron-to-proton
ratio of the fission ‘product as abscissa. The general
featur¢s~of the -curves were similar to those observed by other
workers.(38’82)

Wahl and Nethaway(ss) obtained the independent yield

12
of 1Sn to study the nuclear charge distribution in symmetric

fission of 235U induced by thermal neutrons. The small

independent yield of 1218n led them to conclude that the most

‘probable -charge, Zp’ for fission products with mass number

A & 121 must be less than 50. Troutner et al.(86) determined

an independent yield of 127Sb produced in thermal neutron

235U

fission of . They found that the calculated value of the
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most probable charge was 49.5 for mass chain 127, Hence
they concluded that there is no pronounced effect of the 50-
proton-shell on the z function.

Benjamin et al.(87) investigated 20-80 MeV proton-
induced fission of 232Th by measuring several cesium isotopes
and constructed charge dispersion curves at various proton

energies. The results were correlated with the intermediate

recipe between the U.C.D. and the E.C.D. postulates.

I-C. FISSION THEORIES

The complexity of the fission process is evident from
the lack of a unique theory which can explain all of its
various characteristics. Several theories have been proposed,
each having its own merits and demerits. OQutlines of the

principal concepts are given below.

(1) Liquid Drop Theory

Bohr and Wheeler(ss) related the compound nucleus to
a spherical drop of fluid, a liquid drop, made up of incom-
pressible, densely packed nuclear matter in which the nucleons
of the nucleus are held together by the strong, short-range
nuclear forces analogous to the surface temsion forces in a
liquid drop. The liquid drop will break up if deformation is
caused by external disturbances. - By similar analogy, the
excitation energy supplied from externmal sources tends to set
up oscillations within the .compound nucleus, As :a result it
gets distorted, but the surface tension forces will tend to

restore the distorted compound nucleus to its original shape.
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However, the effect of surface tension forces decreased with
the increase in ‘distortion caused by the excitation energy.
Eventually the compound nucleus gets sufficiently distorted
and reaches a critical deformation, the point from which it
cannot regain its original spherical shape. Then the Goulomb
repulsive forces divide it into two or more fragments and a
large amount of energy is set free, A semi-empirical mass

(88,89) to calculate the energy released

equation was formulated
and hence the relative probability &£ neutron and proton dis-
tributions between the two fragments .could be calculated.

Calculations indicated that the'maximum energy is released in

(88,89) It was also predicted that with the

symmetric fission.
increase in projectile energy, thereby increasing the excitation
energy of the compound nucleus, the more probable mode of

fission will Becasymmetric. However, experimentally the

opposite is well established except at very high energies.

(2) shell or Independent-Particle Theory

(

M. Mayer 90) from her investigations concluded that
nuclei containing certain combinations 0of neutrons and protons
have exceptional stability. These combinations are called
'magic' numbers and they are 2, 8, 20, 50, 82, or 126 for
neutrons and similarly for protons. The nucleus is considered
as having distinct nuclear'shells and, when a shell contains a
magic number of nucleons, it is considered as a 'closed shell',

The neutron and the proton shells are thought to be independent

of each other. Each nucleon moves in its own closed orbit
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within the nucleus, analogous to the electron movement in outer
atomic orbits. Each particle is considered as an independent
particle, and the interaction between particles is a small
perturbation on the interaction between a particle and the
‘potential field. The potential due to nuclear attractions has
a form between the square-well potential (V = -Vo) and the
oscillator potential (V = -Vo + ar2, where a is a constant and
r is the distance between the particle and the centre of force).
The nuclear shells, just like atomic shells, are also governed
by the Pauli exclusion principle which prohibits two protons
from occupying the same quantum state and two neutrons from
having the same quantum numbers. The effects of 'strong spin-
orbit coupling' (the energy difference of a particle according
to whether its spin angular momentum is parallel or anti=-
parallel to its orbital angular momentum) should also be
considered.(gl’gz)

This theory is quite successful in explaining several

phenomena, particularly for low-lying excited states of nuclei.

(3) Modern Approach

Many proposals were made to account for asymmetry in
fission. Swiatecki(93) suggested that asymmetry may be
-connected with nuclear polarization and compressibility which
will affect the symmetric saddle point and so the final

(94

division will be asymmetric. Maris ) considered the effect
of non-uniform charge distribution in the nucleus to explain

the observed asymmetry., Fong(gs) studied the effect of fission
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fragment deformations during the fission act and also possible
Coulomb barrier effects. He suggested that the asymmetric
fission mode is associated with the emission of a large number
of prompt neutrons, and again, the heavy fragment emits more
neutrons than the light one. He gave a mathematical
formulation to calculate the relative fission probabilities and

found that the calculated mass distribution of 235

U induced by
thermal neutrons agreed with the experimental curve. In
further development of the theory, Whetstone(96) reported that
the average number of prompt neutrons emitted, ) , is nearly
the same for various modes of mass division and ;l g';k for
light and heavy fragments. Fong(97) introduced this into his
theory. He suggested that the existence of some constraint in
the process of approaching equilibrium controls the partition
of the excitation energy between the two fragments., With this
assumption, Fong calculated the mass yield curves of spontaneous
252 235

fission of Cf and thermal neutron fission of U. He

found the calculated curves in agreement with the -observed

curves.,

Leachman(98) adopted an empirical approach and
summarized the observed fission data into the following six
principal characteristics.

(i) Asymmetric mode of fission is prominent in low energy
induced fission of heavy elements. The heavy mass
peak of the mass-yield curve remains :almost stationary
and the light mass peak shifts towards low mass

numbers with increasing excitation energy.




(1i) Fragment excitation increases above closed shells.
This is observed in the valley of the mass-yield
curve, where symmetric fission is predominant.

(iii) For symmetric fission, the repulsive kinetic energy
of the fragments decreases which compensates for
(ii) above.

(iv) The nuclear charge distribution in the fission process
results in the proton-rich products being in the
lighter of the heavy fission fragment groups and
proton-deficient products in the heavier of the heavy
fission fragment groups. For the light fragment
group, a similar complementary trend is observed.

(v) Coulomb energies of the fission fragments are dependent
upon the nuclear size, which is determined from
mnuclear charge and mass.

(vi) The yields of the symmetric fission mode increase
with increasing excitation energy and exceed the
asymmetric fission yields.,

From the above considerations, Leachman proposed
that the light fragment will have a shell configuration of
50 neutrons and the heavy fragment a shell configuration of
50 protons. This shows a light fragment core at mass number
82 and a heavy fragment core at mass number 126, These two
cores are joined by a thin neck consisting of about 28 nucleons,
out of which about ten are 'protons and the remainder are

neutrons.

Swiatecki and his collaborators(gg-IOB) from their
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work on the liquid drop theory have shown that the comprehensive
fission theory may be emerging at least for nuclides having the
fissionability parameter, X , less or equal to . 0.67, i.e. below
about radium. The fissionability parameter, x , is defined as
(ZZ/A)/’(ZZ/A)O, where (ZZIA)o = 50,13 is the critical value at
which a spherical nucleus is unstable against any deformation.
However, it is understood that to have a complete treatment, it
will be necessary to consider the effects of single particles
(shell effecté) in the final analysis. Also, it may be
necessary to .consider the influence of the density of states in
the final fragments.(gs)
Cohen and Swiatecki(gg) from their work on the
potential energy of a deformed uniformly-charged liquid drop
obtained the shapes of the saddle point as a function of the
fissionability parameter, x . The saddle point shape is the
critical shape in the deformation process leading to fission
beyond which it is impossible to return to the initial shape.
They found that below x £ 0.67 the shape of the saddle point is
like that of two spheroids connected by a thin neck and that a
little more deformation will result in scission. This shows
that the fission event is decided at the saddle point. Nix
and Swiatecki(loz) further developed this concept and formulated
a theory in which the fissioning nucleus is further idealized
as two overlapping or separated spheroids. Calculations of
the potantial energy (the sum of the Coulomb and surface
energies) showed that the overlapping of spheroids begins at

about x 2 0.80. Hence their theory is applicable for




fissioning nuclei below abouﬁ radium, i.e. beIOW'x'5;0.67.
Calculations were performed for the distributions in
fragment mass and total translational kinetic energy for nuclei
lighter than radium. The calculated results were in fair
agreement with experimental values. Further, calculations of
the dependence of the distributions upon nuclear temperature
-and dependence of the most probable kinetic energy upon the
fissionability parameter were found to agree with experimental

results.

I-D. PURPOSE OF PRESENT WORK

The present work is to determine by radiochemical
methods the isobaric yield dispersion in the fission of natural

uranium by protons of energies 20 MeV to 85 MeV.

(84

Since Davies and Yaffe ) extended an empirical

(

curve of Friedlander et al. 82) by studying mainly cesium
isotopes, it was thought fruitful to undertake the investigation
of nuclides other than cesium which were expected to have the
maxima of their excitation functions within the energy range

’84), these

20 - 85 MeV. On the basis of their work(82
nuclides should have neutron-to-proton ratios in the range of
1.45 to 1.52. Accordingly, isotopes of Ba, La, and Ce in the
mass range 139< A< 143 were selected.

In addition, these nuclides would give information on
nuclear charge dispersion when both neutron number and profon
number are varying, in contrast to the studies of cesium
(84)

isotopes where -only the neutron number is changing.
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II. EXPERIMENTAL PROCEDURE

ITI-A. PREPARATION OF TARGETS

The target consisted of uranium foil of natural
isotopic composition, ranging in thickness from 0.001 inch
for the studies of mass numbers 139 and 141 to 0.003 inch for
‘the studies of mass number 143. Before each irradiation the
uranium foil was cleaned with dilute nitric acid to remove the
thick outer oxide layer. It was then washed with distilled
water and acetone, and dried before use. The superficial
density of the uranium foil was determined after each acid
treatment.

The monitor foils were copper and aluminum with
superficial densities 10.53 mg/cm2 and 5.29 mg/cm2 respectively.
The 65Cu(p,pn)640u reaction was used to monitor irradiations at
20 MeV to 50 MeV proton energy. From 60 MeV to 85 MeV,
27Al(p,3pn)24Na was the monitor reaction.

The cleaned target foil was sandwiched between two
similar guard foils to compensate for any recoil losses during
an irradiation. For the same reason the monitor foil was
similarly sandwiched. One edge of the foil stack was fastened
to a target holder by means of screws, as shown in Fig. 4. The
protruding edges :0f the foils were carefully sheared with a
pair of scissors to align both target and monitor foils.  This
was done to ensure equal exposure of incident protons to all
foils. The ‘edges were pressed close together so that they

were flush with one :another. The whole assembly was then
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FIGURE 4

ASSEMBLY OF TARGET AND TARGET HOLDER
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fixed to the end of the water-cooled probe of the cyclotron,
which was set at a fixed radial distance corresponding to the

desired projectile energy.

IT-B. IRRADIATIONS

The internal proton beam of the McGill Synchro-
.cyclotron was used for all irradiations. The duration of an
irradiation was .determined by the half-lives of the nuclides
under investigation and usually lasted from three minutes to
thirteen minutes, except for 1390e=studies. For this nuclide
the duration of bombardment was one hour, The energy of the
incident protons was obtained from an energy-radius relation
with an uncertainty of tZ MeV, establiBhed by the:McGill
cyclotron group. Bombardments were carried out in the energy
range 20 MeV to 80 MeV at 10 MeV intervals, andgone more was
taken at 85 MeV. All the targets were irradiated downstream
from the monitor foils, that is to say, the incident proton
beam would first strike the monitor foil and then the target
foil. At the end of the irradiations, the foils were held
together with a pair of tweezers and the first few millimeters
from the free edge, where most of the activity would be
‘expected, were cut off with a pair of scissors. The target
and the monitor foils were separated from the guard foils and
the target foil was dissolved immediately when a quick chemical
separation was required. Otherwise the irradiated target was

'stored and treated later after a calculated period of time had

elapsed. The monitor foils were treated at later convenience,
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usually after 15 hours from the end of bombardment.

IT-C. CHEMICAL SEPARATIONS

Chemical separations were performed to obtain the
nuclide of interest in a pure radiochemical form free from
contaminating activities. To do this, inactive carriers of
the radioactive element in its natural isotopic form were added
to the target solutiion before doing the specific separations.
In addition, 'hold-back' carriers and scavengers for the
suspected contaminants were added. The exchange between
carrier atoms and active atoms resulted either from mixing or
from performing a series of oxidation-reduction cycles,

Standard procedures for chemical separations were
used throughout the study with minor modifications whenever
necessary to give the most suitable form of a nuclide for

activity measurements and chemical yield determinations.
(1) Barium

The procedure adopted for barium separation was based
(104)

on that reported by Minkkinen with a few modifications as

desired. The barium carrier solution was standardized by

volumetric(los) (104)

and gravimetric methods.

The irradiated uranium target was dissolved in a
small quantity of 12 N hydrochloric acid with a drop of con-
centrated nitric acid, Barium carrier solution (10 mg) and
cesium hold-back carrier solution (10 mg) were added

immediately, the ‘combined volume being less than 5 ml. The
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solution was cooled to about 5°C in an ice bath and barium
chloride was precipitated by adding 20 ml of a cold mixture of
hydrochloric acid and anhydrous ether (ratio of 4:1 by volume).
The time at the end of this precipitation was taken as the
separation time of barium from cesium. The precipitate was
dissolved in water and barium chloride was re-precipitated by
adding the cold hydrochloric acid-anhydrous ether mixture.

Two such quick steps were performed. Further purification was
achieved by scavenging with iron and lanthanum to remove rare-
earth impurities. The lanthanum scavenging was done after
about one hundred minutes from the end of irradiation to allow
most of the barium-141 and barium-142 to decay to their
lanthanum daughters. After the scavenging step, the supernate
was neutralized with 6 M hydrochloric acid, and the resulting
solution was buffered by adding 2.5 ml of 6 M acetic acid and

5 ml of 6 M ammonium acetate. This mixture was heated to
boiling and 2 ml of 1.5 M sodium chromate solution was added
dropwise to obtain barium chromate precipitate. The chromate
was dissolved in 6 M hydrochloric acid and converted to nitrate
by adding 30 ml of fuming nitric acid. The time at the end of
this precipitation was taken as the zero time for the growth of
lanthanum-140 from barium-140. Finally, the barium nitrate
precipitate was dissolved in distilled water and made up to a
known volume. Sources for B~ activity measurements were made
by mounting an aliquot of the nitrate solution on gold-coated

VYNS (a copolymer of polyvinyl chloride and polyvinyl acetafe)
(106)




for cumulative yield measurements of barium-141,
barium chloride was separated, as discussed above, then left
aside for at least 40 hours so that the barium-141 activity
would be converted into cerium-141. The barium precipitate
was then dissolved in distilled water and made up to volume.
An aliquot of this solution was saved for the barium chemical
vield determination and the rest of the solution was used for

cerium separation in the form of cerium hydroxide.
(2) Cerium

Cerium was separated from other fission products
using the procedure described by Boldridge and Hume.(107)
The irradiated uranium target was dissolved in a lusteroid tube
by adding a minimum quantity of concentrated nitric acid.
Carriers for cerium (20 mg), lanthanum (20 mg), and zirconium
(20 mg) were added immediately. The resudting mixture of
solution was made 2 M in nitric acid and the fluorides
precipitated by adding 2 ml of concentrated hydrofluoric acid.
The fluorides in saturated borate solution were oxidized by
sodium bromate in nitric acid and ceric iodate precipitated
with 20 ml of 0,35 M iodic acid. The time at the end of the
iodate precipitation was considered as the separation time of
cerium from  lanthanum. ‘Repeated cycles of these operations
were performed to separate completely cerium from other rare
earths. Further purification was achieved by removing

interfering zirconium activities in the form of girconium

iodate, and the supernate cerium solution was transferred in
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a glass centrifuge tube. From this solution cerium was
precipitated as its hydroxide by adding an excess amount of

12 M sodium hydroxide solution. The hydroxide precipitate was
then dissolved in a small quantity of 6 M hydrochloric acid

and diluted with distilled water to 10 ml volume. Sulphur
dioxide gas was passed into the solution until the de-
colourization indicated complete reduction of any iodate, which
had been carried over from the previous step, into iodide.
Cerium hydroxide was then precipitated with a slight excess of
concentrated ammonium hydroxide. This hydroxide precipitate
was dissolved in a minimum quantity of dilute hydrochloric

acid and made up to volume for gamma-activity measurements.

(3) Copper
64

In ordetr to facilitate the Cu activity measurements,
it was essential to separate copper isotopes from other inter-
fering activities of zinc, cobalt and nickel. Since the
irradiated copper foil itself would act as a carrier for copper

activity, no additional carrier was necessary. Before the

‘chemical treatment of the foil, it was weighed accurately for

the purpose of chemical yield determination.
The procedure adopted for copper separation was that

(1o8)

described by Kraus and Moore. The irradiated copper foil
was dissolved in concentrated hydrochloric acid plus a few
drops of 30% hydrogen peroxide. The solution was evaporated

to dryness under an infra-red lamp and the residue was dissolved

in 2 ml of concentrated hydrochloric acid. Then the solution
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was passed through a Dowex-l anion exchange column which was
preconditioned by treating with 20 ml of 4.5 N hydrochloric
acid. The column, containing resin of 100-200 mesh, was 12 cm
long and 1 cm in diameter. For elution, 4.5 N hydrochloric
acid was first passed through the column until the yellow-green
coloured band of copper reached the end of the column. Then
the eulant was changed to 1.5 N hydrochloric acid to remove
copper. The initial and final portions of the eluate were
discarded. The middle fraction was collected and made up to
volume for activity measurements which were carried out about

30 hours after the end of an irradiation.

(4) Aluminum

No chemical separation for sodium-24 activity was
necessary because of its relatively long half-1life compared to
all other interfering activities likely to be produced in the
bombardment of aluminum. The whole irradiated aluminum foil
was dissolved in dilute hydrochloric acid and made up to volume.
Sodium-24 activity measurements were carried out about 24 hours

after the end of an irradiation.

II-D. CHEMICAL YIELD DETERMINATION

(1) Barium

The chemical yields of barium were determined by
titration with the disodium salt of ethylenediamine tetra-acetic

acid in a 50% alcoholic solution, using phthalein complexone as

(105)

an indicator. The yields obtained were on the average

about 50%.
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(2) copper

The chemical yields of copper were measured by
bitration with the disodium salt of ethylenediamine tetra-

(105)

acetic acid using mureoxide as an indicator. The

yields determined were of the order of 60-85%.
(3) Cerium

The chemical yields of cerium were determined

spectrophotometrically on a Beckman DU spectrophotometer. The
method employed is given by Sandell(log) where sodium alizarine
sulphonate is used as a complexing agent, The standard

absorbance curve obtained is shown in Fig. 5. The yields

measured were on the average about 407%.

IT-E. ACTIVITY MEASUREMENTS

(1) Preparation of Sources

The techniques of Pate and Yaffe(loe) have been used
for preparing thin films for measurements of beta-disintegration
rates., Films were prepared from‘VYNS resin and a thin layer of
gold was deposited to render them conducting. The -super-
ficial density of the films was between 10-15 ugm per cm2 while
that of gold coating was between 5-10 pugm per cmz. ~ These
films were treated with insulin before using to make them
hydrophilic. An aliquot of the fission product (barium)
activity was pipetted on to the films and dried under an infra-
red lamp. The fidms were rotated intermittently by hand to

ensure uniform sources as far as possible,




FIGURE 5

STANDARD ABSORBANCE CURVE FOR CERIUM

(Sodium Alizarin Sulphonate Method)



50a

001

o]

08

(o]

¥ Ol

09

H3d

oS

*) whry

oY

o¢

o2

ol

T

01:0

0¢-0

0¢:0

ov-0

0§-0

090

3IONVEYO0Sav



- 51 -

For gamma-disintegration rate measurements, sources
were prepared by pipetting 2 ml of active solution into a small

screw-capped glass vial which was then sealed.

(2) Count Rate

Throughout this study either a methane-flow 4nx
B-proportional counter was used for B~ counting or a 3'' x 3"
NaI(T1l) crystal coupled to a multi-channel pulse height
analyser was employed to measure the characteristic gamma-rays

of garticular nuclides.
(a) 4% B Method:

The techniques for the determination of rate of
disintegration and necessary counting corrections to be applied

110-113
£ol ),

for the 4x method are described by Pate and Yaf and

Yaffe and Fishman.(l1%»115)

This method has as its principal
advantage a high geometrical efficiency and insensitivity to
scattering effects. In addition, the technique of preparing
thin films(106), as described above, makes this a relatively
simple and very accurate method for B-ray measurements.

(i) Equipment:

The equipment used was similar to that described by

(110) The counting chamber shown in Fig. 6

Pate and Yaffe.
consisted of two hemispherical brass cathodes, 7 cm in diameter,
and two loop-shaped anodes made of 1 mil tungsten wire connected
to thicker copper leads. The anodes were insulated from the

cathodes by teflon insulators. The two halves of the cathode,

which were machined to fit together, allowed the positioning of



- 52 -

FIGURE 6

47t COUNTING CHAMBER
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an aluminum film mount at exactly midway between the two anodes.
Two holes were also provided for passing gas in and out of the
chamber. A block diagram of the 4x counter and associated
electronics is shown in Fig. 7. The cathodes were kept at
ground potential, while the anodes received a positive high
potential supplied by a Nichols high voltage supply (AEP 1007B).
The two anodes were connect;d in parallel to a preamplifier
(Atomic Instrument 205-B). The output from this was fed into
an Atomic Energy of Canada Limited amplifier discriminator

(AEP 1448). Counting rates were recorded on a Marconi sealer
unit (AEP 908)., Line voltage was supplied to the instrument
through a Sola constant voltage transformer, and a Lambda
regulated power supply (Model 28) delivered the plate and
filament voltages to the preamplifier.

(i1i) Counter Characteristics:

The counter chamber was operated in the ‘proportional
region with C.P. methane as the counting gas. The flow rate
‘0of the gas was kept approximately constant during measurements.
The counter was flushed for several minutes before measurements
started. The high voltage counter characteristics, as shown
in Fig., 8, for the particular activity were established before
the measurements were begun. Pate and Yaffe(llo) have stated
that, if an increase of 200 volts in polarization potential or
a 10-volts decrease in discriminator bias causes no change in
the counting rate observed, then the 4x counter is responding
with maximum efficiency. Accordingly, the counter was

operated at a polarization potential of 2700 volts and a
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FIGURE 7

BLOCK DIAGRAM OF 4x COUNTING EQUIPMENT
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FIGURE 8

EFFECT OF VARYING THE BIAS SETTING ON THE HIGH

VOLTAGE CHARACTERISTICS OF THE 4x COUNTER

¢ - 0 volt bias
X - 5 volt bias
O - 10 volt bias
0 - 15 volt bias
® - 20 volt bias

A - 25 volt bias
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setting of 15 on the discriminator. Proper operation of the
instrument was frequently checked by measuring Ra(D+E+F)

standard before any series of measurements,
(b) Scintillation Method:

The gamma-ray detector consisted of a commercially
available (Harshaw Chemical Company) 3" x 3" sodium iodide
crystal, activated with about 0.1% thallium iodide, optically
coupled to a Du Mont type 6364*photomu1tiplier tube. The
crystal was hermetically sealed in an aluminum can and the
whole assembly enclosed in a lead cylinder (1%" thick) to
reduce the background pulses. The fluorescent radiation from
the lead was attenuated by lining the inside of the cylinder
with iron and lucite.

The output pulses from the photomultiplier tube were
fed through a preamplifier (RIDL Model 31-15) to a variable
gain linear amplifier which was connected to the RIDL (Model
34-12B) 400 channel multiscaler. The pulses were accumulated’
and stored in the memory of the analyser. The stored data
were printed out on a Hewlett Packard (H43 562A) print-out
system, The analyser counts in the 'live time' mode so no
corrections for dead time losses were necessary.

The resolution of one NaI(T1l) crystal was about 12,8

per cent for the 0.662 MeV gamma-ray of 1370

ray measurements, except those of 1390e, were done with this

S. All the gamma-

crystal. Cerium-139 gamma activity was measured with another

NaI(T1l) crystal which has a resolution of 8 per cent.
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The efficiency curves for gamma rays of various

energies at different geometry for the first crystal

(116)

(resolution about 12.8%) are reported by Grant. These

values were used in the present work, except for 139Ce. The

139

efficiency for the 0.166 MeV gamma-ray of Ce was determined

by calibrating the second crystal (resolution 8%) with respect

139Ce-standard at a fixed geometry.

141Ce

to the first crystal using
The calibration was also checked by employing a known

(0.145 MeV 7) sample.
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IIT. TREATMENT OF DATA

ITI-A. ANALYSIS OF GAMMA-RAY SPECTRA

The energies of the -photopeaks were determined by
using an energy calibration curve (energy versus channel

number). This curve was prepared by measuring different gamma

rays of several long-lived standard sources (e.g. 139Ce 137C

6000, 22Na, etc.).

H s’
The area of the photopeak was determined by an
approach similar to that adopted by the group that determined

the photopeak efficiencies.(116)

The backgrounds were hand-
drawn after taking into account all phenomena occurring under
the peak.

For a simple spectrum, as for 64Cu, the background
was estimated as shown by the dotted line in Fig. 9. The area
of the 511 KeV photopeak was calculated by summing up the colints
in each channel under the peak and subtracting the estimated
background from the total.

For 24Na, which emits 1,368 MeV and 2.75 MeV gamma
rays in cascade, only the 1.368 MeV gamma ray was followed and
its spectrum obtained by selecting an appropriate gain. The
'coincidence summing' effect was minimized by measuring the
sources under conditions of low geometrical efficiency. A
typical spectrum is shown in Fig.10. The dotted line shows the
hand-drawn background, and the area of the 1.368 MeV photopeak

was determined by subtracting the estimated background from the
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FIGURE 9

TYPICAL "GAMMA-RAY SPECTRUM OF COPPER SAMPLE

(Dotted line indicates the estimated background.

64

0.511 MeV peak is due to ~ Cu)
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FIGURE 10

TYPICAL GAMMA-RAY SPECTRUM OF ALUMINUM SAMPLE

(Dotted line indicates the estimated background.

1.368 MeV peak is:due to 24Na)
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total area of the peak, The contribution from the 1.28 MeV
gamma ray of 22Na was found to be less than one per cent.

Hence it was considered negligible,

139C

In the case of e, the irradiated targets were left

aside for about one yvear before processing. This allowed all

1390 1440e, to decay to their stable

cerium isotopes, except e and
daughter products. Cerium-144 decays by beta- and gamma-ray
emission, the most abundant gamma ray having an energy of 134
KeV. Cerium-139 decays 100% by electron capture followed by
166 KeV gamma emission. It was possible to resolve the 134 KeV
gamma ray from the 166 KeV gamma ray on the NaI(Tl) crystal
which had a resolution of 8%. The typical spectrum obtained

about one year after bombardment is:shown in Fig. 11, The dotted

line on the spectrum is the estimated background.

139C

The area of the 166 KeV photopeak of e, taking

the specific example in Fig. 11, was calculated as follows.
The peék was taken to be symmetrical about channel 49 and the
counts in each channel from 50 to 56 were totalled. This
total was then doubled and the counts in channel 49 were added
to it. The background counts were similarly determined and

were subtracted from the total peak area.

The activity of 141Ce was measured about 15 days

141

after bombardment. This yielded a Ce spectrum undistorted
by 143Ce. A typical spectrum is shown in Fig. 12, The
dotted line indicates the estimated background. The spectrum
shows clearly an egcape peak, and hence the area of the 0.145
MeV photopeak was}determined in the same way as that described

above in the case of 1390e. In addition, that method of
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FIGURE 11

TYPICAL GAMMA~RAY SPECTRUM OF CERIUM SAMPLE

TAKEN ABOUT ONE YEAR AFTER BOMBARDMENT

(Dotted line indicates the estimated background.

Prominent 0.134 MeV peak is due to 284 -d. 144Ce

139

-and 0.166 MeV peak is due to 140 d. Ce)
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FIGURE 12

TYPICAL GAMMA-RAY SPECTRUM OF CERIUM SAMPLE

TAKEN FIFTEEN DAYS AFTER BOMBARDMENT

(Dotted line indicates the -estimated background.

141

0.145 MeV peak is due to Ce)
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determining the peak area for the 0,145 MeV photopeak avoids

the contribution (if any for the short period of irradiation)

from the 0,134 MeV gamma ray of 144Ce. The contribution from

the 0.166 MeV gamma ray of 139Ce is negligible due to the fact

that 1390e production was generally very small because 139 Ce

is a neutron-deficient nuclide. Furthermore, both 144Ce

139

(t% = 284 d.) and Ce (t% = 140 d.) have a long half-life

compared to that of 141, (t% = 32,5 d.) and so the resulting

counting rate for these nuclides will be quite low compared to

that for 1410e

In irradiations where the activity of 1410e resulted

only from the decay of 141Ba, the counting rate of 1410e,

141 .
measured above, was used to calculate the 4 Ba counting rate.

In the case of 1430

e, it was not possible to resolve
its 293 KeV and 351 KeV gamma rays, hence a composite peak was
followed and the background was estimated as shown by the
dotted line in Fig. 13. The area of the composite photopeak
was found by summing the counts in each channel under the peak
and subtracting the estimated background from the total.

The area of the desired photopeak was then converted

into a photon emission rate, Ny’ from the following expression:

N, = ;._i_;: (I11I-1)
¥
where Ap-=:the area under the photopeak,
Ep = overall photopeak efficiency for the particular
photon energy and source position, and
At = duration of measurement.
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FIGURE 13

TYPICAL GAMMA-RAY SPECTRUM OF CERIUM SAMPLE

(Dotted line indicates the estimated background.

A composite peak of 0.293 MeV + 0.351 MeV

gamma rays is due to 143Ce)
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ITIT.8B. DECAY CURVE ANALYSTIS

All decay curves, with the exception of those from
the barium samples, yielded a straight line .corresponding to
the half-life of a single radioactive nuclide.

The decay curves for the barium samples were
‘multicomponent., 1t was found that the curved line (Fig. 14)
tails off into a straight line with a slope corresponding to a

half-1ife of 12.8 d. This was identified as 14

it decays to 40.2-hrs 140La, there will be a transient

OBa and, since

140

equilibrium (A The contribution due to Ba

< N ).
140 140
140 Ba La

and La which grows in from its separation time was calcu-

lated by applying appropriate equations, The -details of these

equations are .given in Appendix C. The 1393a,activity was

then found after subtracting'14oBa- 140La contribution from the

observed gross counts,

Typical decay curves obtained for the particular
nuclides are -shown in Figs. 14-18 inclusive. The activity
measurements were made frequently in the beginning and later at

longer intervals for a period of two to four half-lives. For

1393a, measurements were made until it had decayed completely,

then the 1403& -140La background activity was followed for

correction purposes. The half-lives obtained were 84.0 ¥ 0.4

min. for 13%a, 32.5 ¥ 0.7 4. for **'ce, 33.0 ¥ 0.5 hr. for

143Ce, 15.0 ay 0.2 hr., for 24Na,‘and 12.8 ¥ 0.2 hr. for 64Cu.

III-C. DETERMINATION OF DISINTEGRATION RATES

o .
The counting rates, C.R.  ar C.R.s, were obtained by
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FIGURE 14
mAT 139
DECAY CURVE FOR 84.,0-MINUTE Ba
0] - Experimental points
140 140

‘= = = Calculated Ba + La
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FIGURE 15

DECAY CURVE FOR 32.5-DAY 1410e
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FIGURE 16

DECAY CURVE FOR 33.0-HOUR 143C€
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FIGURE 17

DECAY CURVE "FOR '15.0-HOUR 24Na




N
O

>)

70a

110
Qs
x 8
7
6
(&
~ 5
I.lJ‘
1
a3
o
<
=2
<
]
@)
O
| | | | | |
0 10 20 30 40 50

TIME AFTER BOMBARDMENT

(HOURS)




- 71 -

FIGURE 18

DECAY CURVE FOR 12,.,8-HOUR 64Cu
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‘ extrapolating the decay curves back to the end of bombardment,
0 . . s .
t , or to the separation time, t , respectively. These
-counting rates were corrected for chemical yield and dilution

. s s o s o s
to determine the total emission rates, N or N at t or t .

(1) Conversion of Beta-Particle Counting

Rates to Disintegration Rates

The total counting rate, N;, at the time of
separation was converted into the disintegration rate, DS, at

t® from the following expression:

s _ N
D° = —F (111-2)

(B.R.)B

where»(B.R.)B is the branching ratio for the beta emission,

For 139Ba, since it has very energetic beta rays,
corrections for source-mount absorption and self-absorption
were negligible, Corrections for resolution losses were
avoided by keeping counting rates less than-lOs counts per
minute. At least 10,000 counts were registered during a
counting period for good statistics. Sources were prepared in
triplicate and those that deviated by more than one per cent

were discarded. The background counting rate of the

instrument used varied between 45 c.p.m. to 55 c.p.m.

(2) Conversion of Gamma Counting Rates

to Disintegration Rates

From a knowledge of branching ratios and internal

. . s o
‘ conversion coefficients, the total photon emission rates, N7
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. o
or N;, were converted into the disintegration rates, D or D7,

by the following equation:

1 + ¢ 1l +a
p° = N‘; x ———~  or D° = N; X — T (111-3)
B.R. B.R.
(3.R.), (3.R.),
where aT = internal conversion coefficient, and
(B.R.)7 = fraction of the gamma transitions that

this gamma represents (branching ratio).

The branching ratios and internal conversion

(117)

coefficients were obtained from Nuclear Data Sheets and
from more recent literature.
(3) Calculations of Disintegration
Rates for 13QCe and 1413a
For 1390e, the total emission rate, N; at a time t,

after the end of an irradiation (about one year later) was
s s s . o
converted into the disintegration rate, D , from the following

expression:

D’ = N_ x X (1I1-4)
(B.R.)7 e~Mt

decay constant for 1390e, and

where A

(a7
]

time interval between the end of bombardment
and the time of actual measurement of activity.

In the case of 1413

141C

a, which was allowed to decay

s 141Ce

completely to e, the total emission rate, N7, for

at
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141 141

Ba), the time of separation of Ba as barium chloride,
141 141

tS(

was converted into D°( Ce) at ts( Ba). The disintegration

rate for 141Ba, D°(14lBa), was then calculated in the following
way:
N .
(141, ) 1 1
p°(*1lgay= p%(%%ce) x Ba’ « x (I11-5)
-\ t
Marg,) c.v.(Mlra)  TM(141g,)
where t = elapsed time from the end of bombardment
to the time of separation of 141Ba,
C.Y. = chemical yield of 141Ba, and
A
(141, ) ’
—— Bal _ 3.6 x 10°.
A
(14lce)

ITI-D. CALCULATIONS OF CROSS~SECTIONS

In the present study, natural uranium is considered

/238U)

as monoisotopic ¢ . Aluminum is monoisotopic whereas

copper has two stable isotopes, 630u (69.1% abundance) and 650u

(30.9% abundance) and the natural abundance was taken into

account for cross-section calculations.

1
The cumulative formation cross-sections of 39Ce and

141Ba were calculated from equation (A-8) derived in Appendix A,

co
o, =D, xF ‘ (A-8).
For parent-daughter pairs, 1390s - 13gBa,
14lLa - 1410e, and 143La - 143Ce, two separate targets were

irradiated at each bombarding energy with chosen periods of
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irradijation and fixed time intervals between separation and the
end of bombardment, each leading to an equation of the form of

equation (B-15) derived in Appendix B,

A
s _ B
Dy = ;_'(Kl o, +K, UB) . (B-15)
The cumulative formation cross-section, Ops of the

parent nuclide and the independent formation cross-section, Op>»

of the daughter nuclide were calculated by solving these
equations simultaneously.

For the mass chain,

- 141Ba - 141La - 141Ce -

the cumulative formation cross-section of 141La was obtained,

as mentioned above, and the cumulative formation cross-section

of 14lBa was determined separately as stated before, It was

therefore possible to calculate the independent formation

cross-section of 141La

III-E. MONITOR CROSS-SECTIONS

The monitor cross-section values used at each energy

are given in Table I (p. 76). The values for copper are taken
from corrected excitation functions of Meghir(lls) and those
for 24Na from the analysis of Cumming.(llg)

ITI-F. ERRORS
No errors have been assigned to branching ratios and

internal conversion coefficient values were taken from Nuclear
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TABLE I

MONITOR CROSS-SECTION VALUES (mb)

E 6SCu(p,pn)64Cu* 27A1(p,3pn)24Na**
-2
20 240 -
30 388 -
40 264 -
50 212 -
60 - 8.65
70 - 9.60
« 80 - 10.05
"85 . - . 10. 20
*Meghir(lls)
**J.B. Cumming(llg)
Data Sheets(1a7) and more recent literature.
An uncertainty of t 10% in the values of the 64Cu

(119)

cross-sections(lls) and t 6.57% for the 24Na cross-sections
has been adopted. No allowance was made for uncertainties in
the monitor cross-section values due to the uncertainty in the
bombarding energy ( e» 2 MeV).

An error limit of ¥ 5% in the efficiency values for

(116

the gamma counting ) was adopted, whereas the small
uncertainty in the efficiency of the 4x B-proportional counter

has been neglected.
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Since the half-lives reported in the present work are
in good agreement with the literature values, the decay

constants were-obtained from the experimental half-lives, except

139Ce a 141Ba

nd . For these nuclides, the published values,

141Ba

for

139Ce

= 140 d. and - t;E = 18,0 min, were used. No

- t%
errors have been assigned to the decay constants.

R;ndom errors arise from the determinations of
disintegration rates, chemical yields, dilution factors,
superficial densities of the target and monitor foils, etc.

An estimated error for each of these factors is given below.

The main source of the error in cross-section values
comes from the disintegration rate determinations. In the
case where beta measurements were made, no complicated cal-
culations were involved in determining the counting rate, and
it was simple to construct the decay curves. However, an
error of ¥ 3% was assigned to the .counting rate obtained from
the decay curve analysis.,

For gamma measurements, the chief source of error
lies in the determination of the photopeak area. This error

+
was estimated to be - 5%, except for139Ce where an error of

t 79 was assumed because of its low yield. An additional
error of : 5% was included for the decay curve analysis.

The chemical yields were determined at least in
duplicate., Those 0of the copper monitor agreed within t 2%,
while the -chemical yields of other elements were good to t-5%.

The errors due to diluting and pipetting were

minimized by using calibrated volumetric glass-ware and
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micro-pipettes. A very sensitive microbalance was used for

weighings. The estimated error due to these factors was

assumed to be : 2%.

The errors introduced in timing are believed to be
small. The duration of an irradigtion was known within a few
seconds. All other timings, such as separation time, counting
period, decay time for short-lived activities, etc.,, were taken
on accurate stop-watches, An error of t 1% was assumed for
timing.

The probable error was computed from the sguare root
of the sum of the -squares of the individual errors cited abové.
The value varied from i»lO% to t 15% for various fission
products, and it is shown by the vertical bar at the points

on the experimental excitation functions.
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IV. RESULTS

The pertinent decay data and the detection instrument
used for activity measurements of radioactive nuclides are
summarized in Table II.

TABLE IT

PERTINENT DATE AND DETECTION METHODS
Og RADIOACTIVE NUCLIDES MEASURED

Internal
Radiation Branch Conversion Detection
Nuclide Half-life Followed Abundance Coefficient Technique
% (1 + aT)
2 4
139 . .17 MeV *
Ba 84.0 min. + 2.34 MeV 100 - 4y
139 7 *
Ce 140.0 d. 0.166 MeV 100 1.25 PHA
141 7
Ce 32.5 d. 0.145 MeV 70 1.43 PHA
143 7
Ce 33.0 hrs. 0.293 MeV 40 1.03 PHA
+ 0.351 MeV
24 7
Na 15.0 hrs. 1.368 MeV 100 1.0 PHA
8¢y 12.8 hrs. gt 197" 1.0 PHA
%
4 = 43t B-proportional counter.
PHA = Multichannel Pulse Height Analyser.
*
For all calculation purposes, branching abundance for the
0.511 MeV 7y-ray of 64Cu is taken as 38%(116), i.e.

2 x 18%, since these gamma rays result from annhilation

of the positrons.
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The fission products studied occur in the following
three mass chains:

(1) short 13905 9.5 m, 139Ba 84.0 m. 139La 140 4d. 139Ce short

' (stable)

(2) short 141Ba 18.0 m. 141La 3.85 h. 141Ce 32.5 d. 141

= Pr (stable)

(3) Short 143;, 14.0 m. 143;, 33.0 h. 143, 13.8 4.5 143y (stable)

The cross-section values, together with other
experimental data determined for various nuclides, are
summarized in Tables III to XII. The symbols used in these
tables have the same meanings as those defined in Section III
and in the Appendices. Theﬂprobable errors associated with the
values of cross-sections are those calculated from the estimated
errors described in Section III-F.

For different parent-daughter pairs, two sets of data,
determined at each energy for the calculations of the inde-

pendent formation cross-section of daughter nuclide, o and

B’
the -cumulative formation cross-section of parent nuclide, Tps
are given in Tables III to VIII inclusive. Each of the two

sets of data, shown in two successive rows at the same energy,

leads to an equation of the form of equation (B-15) given in

Appendix B.

The -precursors of 1390e are very neutron-deficient
nuclides which are not expected to be formed in the energy
region investigated, and experimentally determined cumulative
yield values (Table IX) of 139Ce.are considered as independent

formation cross-sections. For proton bombarding energies
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less than 70 MeV, 139Ce was not formed in detectable quantity.

The data for the cumulative formation cross-sections

of 1413a are summarized in Tables X and XI, whereas the extent

of the independent formation of 141La at each bombarding energy

is given in Table XII.
The independent formation cross-section values of
143Pr at 20 MeV to 85 MeV proton energies are interpolated

from the charge dispersion curves constructed from the -present

data. (These curves are shown in Section V.) These values
are given in Table XIII. No errors have been assigned to the
143

Pr cross-sections.

Excitation functions for the various fission products
investigated are shown in Figs. 19 to 27 inclusive. At proton
energies from 100 MeV to 1 GeV, the cross-section values are
interpolated from the charge dispersion curves of Friedlander

(82) . . :
et al. These are included to determine the energies at
which the excitation functions reach their maxima. No error

bars are shown for these interpolated values.
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EXPLANATION OF SYMBOLS USED IN TABLES III TO XI

A.F.

C.Y.

N° or Ns
Do or DS
(s.D.)T
ﬂuo and F
K1 and K2

o
‘extrapolated counting rate at t or t

proton bombarding energy.

duratioﬁ'ofjbombardment.

time interval between the end of bombardment,
to, and time of separation, ts, of the
nuclide in question, otherwise it is defined

in the table.

‘photon emission rate, equation III-1.

respectively.
aliquot factor, which is 1007% unless given in

the table.

‘chemical yield.

s 0 s

total emission rate at t or t respectively.
0 8

disintegration rate at t or t respectively,

calculated from equation III-3, except for

139g, (equation III-2), 139

141

Ce (equation III-4),

and Ba (equation III-5).

superficial density of natural uranium foil
(target). Notex (S.D.)Cu = 10.53 mg/cm2
and(S.D.)A1 = 5,29 mg/cmz, as stated in
Section II-A.,

as defined in equation A-8 (Appendix A).

8s defined in equation B-10 and B-1l1

respectively (Appendix B).

Note: 1In tables III to VIII the subscripts B and M refer
respectively to daughter and monitor nuclides in

question.



TABLE III
DISINTEGRATION RATE DATA FOR 13905 - 139Ba PAIR

E t t c.R.% (a.r.). (c.v.), nZ=p° c.r.2 (c.v.) N2 o (1 e-)\Mt°) ied

P o ‘B Tl R -1 B B *T'M TtIM M M - 3 M
MeV Min,. Min. c.p.m. , % cC.psM., C.p.m, % c.p.m. d.p.m. x 10~ d.p.m.
-5 -2 =6 : -6 -6 -8

x 10 x 10 x 10 x 10 x 10 x 10

20 5.0 9.0 1.00 100 62,2 1.61 1.38 80.6 1.71 4.49 4.50 9.99
7.0 12.0 1.49 100 62,3 2.39 1.41 58.1 2,42 6.37 6.28 10.14

30 5.0 11.0 1.78 100 62,9 2.83 1.79 46.4 3.86 10.16 4.50 22.58
7.0 8.0 2.75 100 62,6 4.39 2,41 36.3 6.64 17.49 6.28 27.85

40 5.0 18.0 1.31 100 76.8 1.70 0.24 14.5 1.62 4.26 4,50 9.48
7.0 13.0 4.07 50 51.8 3.93 0.64 16.9 3,78 9.94 6.28 15.83

50 6.0 12.0 1.62 50 40.3 2,01 0.93 52.4 1.77 4.65 5.39 8.62
5.0 18.0 2,85 50 47.9 2.97 1.24 47.4 2.61 6.87 4.50 15.26

60 5.0 ‘16.0 0.44 100 18.5 2.37 1.32 100 1.32 1.32 3.85 3.43
4.0 11.0 0,12 200 12.5 1.92 1.10 100 1.10 1.10 3.08 3.57

70 6.0 12.0 3,11 50 43,1 3.61 1.64 100 1.64 1.64 4.60 3.56
4.0 16.5 1.85 100 83.4 2,22 0.98 100 0.98 0.98 3.08 3.18

80 5.0 11.5 1,94 50 50.9 1.90 1.09 100 1.09 1.09 3.85 2.83
7.0 17.0 2,51 50 48.8 2,57 1.48 100 1.48 1.48 5.39 2,74

85 6.0 11.0 0.22 50 43.5 0.25 0.16 100 0.16 0.16 4.60 0.34

7.0 12.0 1.16 50 52.5 1.10 0.69 100 0.69 0.69 5.39 1.28

- €8




TABLE IV :

FORMATION CROSS—SECTIONS OF '°°Ba (INDEPENDENT) AND >%Cs (CUMULATIVE)

s 00 g mb

E D D (s.D.), A K K : -
p B 7 M . 2 "B L 1032 1 2 139, 139,
MeV d.p.m. x 10~ d.p.m. x 10~ mg/ cm F ' R
20 1.61 9.99 47.61 1.35 2.68  4.55 3} 0t 1. 255 % 5.0

2.39 10.14 46,09 1.33 4.37  6.17
30 2.83 22.58 48,07 1.91 2,93 448 Lot 5 0 e .t 4,

4.39 27.85 44 .89 2.20 3.73 6.37
40 1.70 9.48 50.00 1.23 3.50  4.23 150 % 5.4 16,6 F 2.1

3.93 15.83 50.00 2.05 4.50 6.12

t

50 2.01 8.62 46.34 1.29 3.70  5.31 L0, %, s 131 % 1.6 @

2.97 15.26 45.86 2.26 3.50 4.23

t
*

60 2.37 . 343 46.10* 1.80 3.37  4.30 Lo ot 1o 1497%F 15

1.92 ™ 3.57 46.10 1.88 2.30  3.60 '
70 3.61 3.56 44,27 2.87 3.70 5.31 156 % 1.7 10.1F 1.0

2,22 3.18 45.28 2.62 '2.70 3.44
80 1.90 2.83 45.97 2.26 2.98  4.46 o 0+ 4 8.7 % 0.9

2,57 2.74 . 45.04 2.14 4.88 5.92
85 0.25 0.34 47.23 0.28 3.58  5.35 1, o+, 5.5 % 0.8

1.10 1.28 47.23 1.03 4.38  6.17

- -
(S.D.)M = 9,36 mg/cm2 (Al-foil). For ‘all other irradiations (S.D.)M is as stated in
Section II-A, i.e. (s.D.)Al = 5,29 mg/cmz, and (s.D.)Cu = 10.53 mg/cmg.



TABLE V
DISINTEGRATION RATE DATA FOR 1411-8. - 141Ce PAIR 7
s s s o ‘ o o ')“Mto =)
Ep £, t C.R.p (c.Y.)B N, D, C.R.y (c.Y.)M Ny Dy (1-e \ ) Dy
Mev Min. Min. c.p.n. % ¢c.p.m. d.,p.m, c.p.m. % c.pom, d.p.m., x 10~ d.p.m.
X 10-4 X 10-l+ x 10-4 X 10'“6 X 10-6 x_lO-6 X 10-8
20 13 59 2.46 60.5  4.07 8.3l 5 93  48.6 12.22 32.15 11.67  27.55
2880 2.69  13.0 20.68 42.25
30 13 58  0.66  42.0 1.58  3.23 5 61  68.4 8.19 21.56 11.67  18.48
2880  3.45  43.2  7.99 16.32
40 10 64 1.12 76.0 1.48  3.01 44 6.1 5.01  13.20 8.98 14.70 \
2880  2.51 36.7 6.85 14.00 -
w
50 10 61 0.93 71.6 1.30  2.65 4 436 30.0 3.86  10.15 8.98 11.31 v
2880 3526  55.1  5.92 12.10
60 10 73 1.13 45.1 2.50  5.10 5, .5 100 2.71 2.71 7.67 3.54
2880  1.24 13.0 9.50 19.39
70 10 33 0.15 - 6.4 2.41  4.91 5 .8 100 2.78 2.78 7.67 3.63
2880  2.04 25.1  8.11 16.57
80 10 71 1.55 51.3 3.02 6.16  , o5 100 2.90 2.90 7.67 3.79
2880  4.31 62.8 6.86 14.00
85 13 77 1.41 37.3 3.79 T 74 444 100 4.14 4,14 9.96  4.16
. 2880...2.18 . .23.0 .. 9.50. 19.40. R




TABLE VI
141 141
FORMATION CROSS-SECTIONS OF Ce (INDEPENDENT) AND La (CUMULATIVE)
] o0 A @ mb
Fp s Py (8:D)p By 102? %y 2 141 141
F c L
-4 =8 2 e a
MeV d.p.m. x 10 d.p.m. x 10 mg/cm
20 8.31 27.55 44.56 6.35 2.32 12.99 4 5% 5.1 52,4 % 7.3
42.25 12.52 12.46
30 3.23 18.48 46.15 2.73 2.28 12.99 4 9% 0.1 46.9 % 6.6
16.32 | 12.52 12.46
40 3.01 14.70 44.19 3.06 L-879.99 4 5 Y 0.2 46.4 ¥ 6.5
14.00 ‘ 9.63  9.58 '
oo
[«)}
50 2.65 11.31 44.72 2. 96 .79 9.99 1 6% 0.2  40.8% 5.7 :
12.10 9.63  9.58
60 5.10 3.54 42,23 5.48 2.08  9.99  , 1 %0.3 3.7 % 4.2
19.39 9.63  9.58
70 4.91 363 40, 60 4.87 2.14  9.99 35 Yo 32,1 %38
16.57 9.63  9.58
80 6.16 3.79 41.94 5.01 2.04 9.99 g5t 05,9 210 % 2.5
14.00 9.63  9.58
85 7.74 4.16 41.67 5.39 2.88 12.98 5 o ¥ 0.7  22.87F 2.7

19,40 . C e ... 120520 12.46




TABLE VII
DISINTEGRATION RATE DATA FOR *31a - 1%3¢c pair
E ¢ t c.R.5 (c.v.) NS pf c¢.r.2 (c.v.) N % (1 “u °y p*
P o *ReB ety B B *ReM ey M M -€ M
MeV Min. Min. c.p.m. % c.p.m, d.p.m. c.p.m. % c.p.m. d.p.m. x 10 d.p.m.
-5 -6 _6 -5 -6 . -6 8
x 10 x 10 ~ x 10 x 10 x 10 x 10 x 10
20 3.0 1225 3.99 35.4 1.13 2.90 145 95 s56.6 3.38 8.90 2.71 32.80
160.0 5.40 29.5 1.83  4.71
30 3.0 13-3 5.43 53.2 1.02 2.63 57 37 70.3 3.86 10.17 2.71 37.52
161.0 3.16 21.2 1.49 3.84
40 3.0 4.0 3.28 33.6  0.97  Z.51 415 40 54.2 1.92 5.05 2.71 18.63
160.0 7.10 55.5 1.28  3.29
50 3.0 140 1.62 20.1  o0.81 2.07 6.45 50.4 1.28 3,37 2.71 12.42
160.0 5.98 59.2 1.01  2.60
60 3.0 15.0 1.35 8.8 1.53 3.96 9,60 100 0.96 0.96 2.31 4.15
160.0 5.80 30.4 1.91  4.92
70 3.0 13-0 7.13 54.5 1.31  3.36 9.76 100 0.98 0.98 2.31 4.23
160.0 3.30 20.1 1.64  4.22
8o 3.0 13-0 L.14 10.5 1.09  2.79 ;4. 81 100 1.38 1.38 2.31 5.98
160.0 7.18 50.4 1.42  3.67
85 3.0 13-0 -8.19 92.4  0.89  2.28 9.70 100 0.97 0.97 2.31 4.20
160.0 7.47 68.1 1.10 2.82

= L8



TABLE VIIT
143 143
FORMATION CROSS-SECTIONS OF '*>Ce (INDEPENDENT) AND *’La (CUMULATIVE)
s o0 A . g mb
R Dy Dy (8.D.)p B . 1031 Ky K, e T3
- -8 Ce La

MeV d.p.m. x 10 d.p.m. x 10 mg/ cm

20 2:90 32.80 144.27  5.79 1:48  2:99 5. 3%t0.7 23.2% 3.2
4.71 2.86  2.84

30 2.63 37.52 152.54  4.33 1.57 2.9 g4t 11 22,7 % 302
3.84 2.85  2.84

‘o 2.51 18.63 156.43  3.24 1.60 2.98 4,4t 1.9 21.3% 3.0
3.29 2.86  2.84

50 2.07 12.42 149.71 2.57 1.60 2498 q7.2% 2.2 1831 205
2. 60 2.86  2.84

60 3.96 4.15 149,72  5.38 1.67 2.9 456% 1.7 16.9% 2.0
4.92 2.86  2.84

70 3.36 4.23 153.23  5.06 L33 2.99 g9t 16 14,3 % 1.7
4. 22 2.86  2.84 |

80 2.79 5.98 145.87  6.51 133 2.99 860,90 11.27%1.3
3.67 2.86  2.84

g5 2,28 4.20 151.36  4.67 1.53 2.9 43 5% 1.2 10.0 ¥ 1.1
2,82 2.86  2.84




of actual measurement of

139

Ce activity.

TABLE IX
FORMATION CROSS-SECTIONS oF '>9ce

Ep (MeV) 70 80 85
t, (hour) 1 1 1
" (hour) 7002 7002 7064
N7 (copom.) 99.6 389.1 653.7
c.v. (F3%e) (%) 29.3 78.8 73.7
N; (c.p.m.) 339, 9 493.6 887.0
p°(*3%e)  (d.p.m.) 1799 2610 4826
(1-e-K13QCet°) 2.0 x 107% 2.0 x 10'4 2.0 x 10”%
1 (13%e) (d.p.m.)  8.99 x 10° 1.30 x 10’ 2.41 x 10/
c.r.°(**§a) (c.p.m.)  1.12 x 10’ 1.04 x 10’ 1.47 x 10’
p°(%*xa) (c.p.m.)  1.12 x 10’ 1.04 x 10’ 1.47 x 10’
(1-c Pwa™® 4.50 x 10°2  4.50 x 10°%  4.50 x 1072
1 (%%ya)  (d.p.m.)  2.49 x 10° 2.31 x 10° 3.26 x 10°
(s.D.)T (mg/cmz) 45.69 42,58 43,67
F 3.9 x 1073 4,77 x 1077 3,35 x 10737
o (139Ce) (mb) 0.35 ¥ 0.05 0.62 T 0.09 0.81 ¥ o0.12
*t = time interval between the end of bombardment and the time




TABLE X
141 *
DISINTEGRATION RATE DATA FOR Ba
E ot ¢ c.r.° A.F. (C.Y.) N° p° (c Yh) D2 -)\1413ft° p°
p o s (1111' e, T4l Tlalg YU UC 141, Tlalp (1-e T) T4l
141 Ce
( Ba) at t ) c.p.m. d.p.m, d.p.m. d.p.m.
8 -4 -4 -8 -8
MeV Min. Min. c,p.m. ‘ % x 10 x 10 % x 10 x 10
20 13 13.0 6367 1,25 10.7 7.44 15.19 88.5 7.36 0.394 18.69
30 13 9.0 11918 1.25 52,9 2,82 5.75 88.2 2.40 0.394 6.08
40 10 9.0 4367 1.25 26,5 2.06 4.21 87.2 1.77 0.319 5.55 .
50 10 10.5 6837 1.25 73.7 1.16 2,37 84.2 1.09 0.319 3.43 8
60 10 7.0 7245 1,25 37.2 2.43 4,97 86.8 1.95 0.319 6.09 '
70 10 6.75 4326 1,25 26.0 2,08 4.25 87.5 1.63 0.319 5.11
80 10 7.0 1518 1.25 15.3 1.24 2,53 86.8 0.99 0.319 3.10
85 13 8.0 2959 1.25 25.3 1.46 2,99 85.2 . 1.24 0.394 3.14
Disintegration rate data for monitor are the same as given in Table V,
** . . . 141 ,
ts = time interval between the end of bombardment and the time of Ba separation

as barium chloride.



TABLE XI

CUMULATIVE FORMATION CROSS~SECTIONS OF 14iBa
EI; DT;’IB g (s.p.), F x 107> o

a
MeV d.p.m: x 10-8 depem. X 10~8 mg/cm2
20 18.69 27.55 44 .56 2,33 43.5 T 6.1
30 6.08 18.48 46.15 5.42 33.0 ¥ 4.6
40 5.55 14.70 44,19 4.84 26.9 T 3.8
50 3.43 11.31 4. 72 5.00 17.1 T 2.4
60 6.09 3.54 42.23 2.70 16.5 * 2.3
70 5.11 3.63 40.60 3.04 15.5 £ 2,2
80 3,10 3.79 41.94 2,95 9.1 T 1.3
85 3,14 4.16 41.67 2.75 8.6 ¥ 1.2

- 16
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'TABLE XII
INDEPENDENT FORMATION CROSS-SECTIONS OF ‘*lia
E_ MeV o mb
p
20 8.9 ¥ 1.2
30 13.9 ¥ 1.9
40 19.5 ¥ 2.7
50 23.6 T 3.3
60 18.2 T 2.2
70 16.6 F 2.0
80 11.9 T 1.4
85 14.2 T 1.7

1

14
Hlig Independent) = 0(141La

o Cumulative, Table VI) —

0(1413a Cumulative, Zable XI)
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TABLE XITII

INDEPENDENT FORMATION CROSS-SECTIONS 0F ~*’pr

INTERPOLATED FROM CHARGE DISPERSION CURVES

Y43p: N/z = 1.424

ES (MeV) o (mb)
20 0.4
30 0.5
40 0.7
50 0.9
60 1.2
70 | 2.9
80 3.4

85 6




FIGURE 19

EXCITATION FUNCTTON FOR THE INDEPENDENT
;.14 '-3 49B a
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FIGURE 20

EXCITATION FUNCTION FOR THE INDEPENDENT

BORMATION CROSS-SECTION OF ~>%e
0‘ - This work
X - PFriedlander, Friedman,
(82)

Gordon,and Yaffe
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FIGURE 21

EXCITATION FUNCTTON FOR THE CUMULATIVE

FORMATION CROSS_SECTION oF 13%s
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FIGURE 22

EXCITATION FUNCTION FOR THE INDEPENDENT

,,,,, 141
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FIGURE 23

EXCITATION FUNCTION FOR THE INDEPENDENT
141,

FORMATION CROSS-SECTION OF

0 - This work

X - Friedlander, Friedman,

(82)

Gordon, and Yaffe
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FIGURE 24

FORMATION CROSS-SECTION OF

141.

Ba
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FIGURE 25

EXCITATION FUNCTTON FOR THE INDEPENDENT

FORMATION CROSS-SECTTION oF *3ce
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FIGURE 256

EXCITATION FUNCTION FOR THE CUMULATIVE

FORMATION CROSS—SECTION OF 1*’La




101a

(AeW) 93

06 o8 04 09 (0]*] Oov o¢ 0¢




- 102 -

FIGURE 27

EXCITATION FUNCTION FOR THE INDEPENDENT
143,

FORMATION CROSS-SECTION OF

INTERPOLATED FROM CHARGE DISPERSION CURVES

0 - This work

X - PFriedlander, Friedman,

Gordon, and Yaffe(sz)
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V. DISCUSSION

V-A. GENERAL

The cross-sections for the independent formation of
both neutron-excess and neutron-deficient nuclides rise from
threshold to a maximum then fall off as the bombarding energy
is increased. The peak energies of the excitation functions

are given in Table XIV.

TABLE X1V

PEAK ENERGIES OF THE INDEPENDENT FORMATION
EXCITATION FUNCTIONS

Nuclide R/Z Peak Energy
- (MeV)
1395, 1.482 wi T 6
141y, 1.474 50 T 6
143, 1.465, 55 1 7
141, 1.431 110
1435, 1.424 145
139, 1.396, 380

As the neutron-to-proton ratio of the fission product
decreases, the energy at which the excitation functions peak

increases, indicating that nuclides of lower neutron-to-proton,
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N/Z, ratios become more prominent as the energy of the
bombarding protons becomes larger. This behaviour is also
reflected in the cumulative formation cross-sections (Figs. 21,
24,26, Section IV) which are seen to decrease monotonically
with increasing energy. These results are in agreement with
the findings of Friedlander et a1.(82) and Davies and Yaffe(84)
among others., Figure 28 is a composite graph of the results
from all three studies showing the variation of energies at
which the excitation functions peak with neutron-to-proton ratio
of the fission product. It can be seen that the present
experimental data fit very nicely on the curve, though the
nuclides investigated have both the proton number and the
neutron number changing. The original curve was constructed
mainly from data on cesium isotopes.

The more fundamental role of the neutron-to-proton
ratio in determining charge distribution rather than the
distance from beta stability is seen from the following. The

139Ba 141

neutron-excess nuclides, and Ce, which are both one

step away from stability, have widely different independent
formation cross-sections and their peak energies vary

appreciably. Their neutron-to-proton ratios are 1.482 and

1.431 respectively. On the other hénd, 143Pr is also one step

away from stability but has a neutron-to-proton ratio of 1.424

close to that of 1410e (1.431). Its independent formation

141

cross-sections do not vary much from those of Ce and the

excitation function peaks at approximately the same energy as




- 105 -

FIGURE 28

ENERGIES AT WHICH THE EXCITATION FUNCTIONS

REACH THEIR MAXIMA

(Plotted as a function of N/Z)

0 - This work

@ - Friedlander, Friedman,

(82)

Gordon, and Yaffe

O - Davies and Yaffe(84)
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that of 141Ce. It is also worth noting that 1390e, a neutrons
deficient nuclide with neutron-to-proton ratio of 1.3927, is also
one step away from stability, but its formation cross-sections
are very much smaller than either of the other three nuclides
and its excitation function reaches a maximum value in the
neighbourhood of 380 MeV. From these it seems to indicate
that the neutron-to-proton ratio can be considered as a
fundamental parameter and the empirical curve in Fig. 28 may be

useful for the correlation of other fission data.

V-B. NUCLEAR CHARGE DISPERSION

Nuclear charge dispersion curves were constructed at
each bombarding energy from the cross-section data. These
curves are shown in Figs. 29 to 36 inclusive. On these curves
the independent formation cross-sections are plotted Qersus

neutron-to~-proton ratio rather thanmn Z - Z, to avoid the diffi-

A
culties in determining the most stable charge, ZA’ at the 82
neutron shell-edge. The assumptions made in drawing nuclear

‘charge dispersion curves are that the curve for a particular
‘energy applies to all masses in the range 139<«£ A £ 143, which
implies that the mass distribution curve is essentially flat in
this mass region and that the curves are symmetrical. In
addition to the constraint .of symmetry, the right-hand portion
of each curve is drawn so that the cumulative yields determined
from the charge dispersion curve agreed as closely as possible

with the experimental cumulative yields for the nuclides 13905

141Ba 143La

H

, and . Friedlander et al.(82) have shown that this




FIGURE 29

CHARGE DISPERSION AT 20 MeV

[The right-hand (dashed) portion of the curve has
been drawn so that the sums of the isobaric
yields read off the curve approximate

the experimental cumulative yields]

o(mb) o(mb)
Experimental Curve

1395 29 33
14lBa 43 37.5
14314 26 40
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FIGURE 30

CHARGE DISPERSION AT 30 MeV

[The right-hand (dashed) portion of the curve has
been drawn so that the sums of the isobaric
yields read off the curve approximate

the experimental cumulative yields]
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FIGURE 31

CHARGE DISPERSION AT 40 MeV

[The right-hand (dashed) portion of the curve has
been drawn so that the sums of the isobaric
yields read off the curve approximate

the experimental cumulative yields]
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Experimental Curve
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141Ba 26 21
143

La 21 25.4
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FIGURE 32

CHARGE DISPERSION AT 50 MeV

[The right-hand (dashed) portion of the curve has
been drgwn so that the sums of the isobaric
yields read off the curve approximate

the experimental cumulative yields]
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FIGURE 33

CHARGE DISPERSION AT 60 MeV

[The right-hand (dashed) portion of the curve has
been drawn so that the sums of the isobaric
yields read off the curve approximate

the experimental cumulative yields]
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FIGURE 34

CHARGE DISPERSION AT 70 MeV

[The right-hand (dashed) portion of the curve has
been drawn so that the sums of the isobaric
yields read off the curve approximate

the experimental cumulative yields]
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FIGURE 35

CHARGE DISPERSION AT 80 MeV

[The right-hand (dashed) portion of the curve has
been drawn so that the sums of the isobaric
yields read off the curve approximate

the experimental cumulative yields]
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FIGURE 36

CHARGE DISPERSION AT 85 MeV

[The right-hand (dashed) portion of the curve has
been drawn so that the sums of the isobaric
yields read off the curve approximate

the experimental cumulative yields]
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criterion imposes severe regtrictions and uniquely defines khe
right-hand portion of the charge dispersion curves. At lower
energies the poor agreement between the experimental cumulative
yields and those determined from the charge dispersion curves
is attributed to the fact that the mass yield curve in this
mass region is not flat at these energies.

As the bombérding energy is increased, the charge
dispersion curves become broader and the peak position shifts
to lower neutron-to-proton, N/Z, ratios. The full width at
half-maximum and peak positions at each bombarding energy are
given in Table XV (p. 116).

The N/Z value at the peak of the charge dispersion
curves and N + Z = 141 are used to obtain the most probable
charge, Zp, for the 141 mass chain. The difference between
the most stable charge, ZA’
for this mass chain is given in Table XV. The Z, value, as

A
(84), is that of Corye11(81),

and the most probable charge, Zp,

taken by Davies and Yaffe
neglecting shell effects, so that the two sets of data can be
compared. Figure 37(a) shows such a comparison where the
values of ZA - Zp are plotted as a function of proton
bombarding energies. Data are also included from 8 .- 85 MeV
proton-induced thorium fission by Pate, Foster, and Yaffe(38),
and at 100 MeV from the work of Friedlander et al.(82) The
results are in good agreement. The most probable charge, Zp,
approaches the beta stability line with increase in proton

energies.

The values 0of neutron-to-proton ratios at half-maximum




PARAMETERS OF CHARGE DISPERSION CURVES
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TABLE XV

Protey  heliuasime’

(MeV) N/7Z z N/z z, A-zp
20 0.073 1.6 1.525 55.84 2,71
30 0.073 1.6 1.510 56,17 2.37
40 0.074 1.7 1.500 56,40 2.15
50 0.078 1.8 1.495 56.51 2.04
60 0.082 1.9 1.491 56460 1.95
70 0.087 2.0 1.485 56.74 1.81
80 0.095 2.2 1.480 56.85 1.70
85 0.103 2.4 1.477 564,92 1.63

zZ, = 58.55, for A = 141,

A
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FIGURE 37

(a) DISPLACEMENT OF Z» TOWARDS BETA STABILITY, Z,

(b) FULL WIDTH AT HALF-MAXIMUM OF CHARGE DISPERSION
CURVE PLOTTED AGAINST INCIDENT PROTON ENERCGY

0 - This work
[ - Pate, Foster, and Yaffe(38)
<7 - Friedlander, Friedman,

Gordon, and Yaffe(gz)

X «- Davies and Yaffe(84)




1i1/a

001 06 (02 ol 09 oS ov oe 0o¢ Ol o)

c'u
Z 40 SLINN

X
|
N

0
0



- 118 -

were .converted to Z values for the same 141 mass chain to
obtain the full width at half-maximum in Z units. These
values, given in Table XV, are compared with data from other

(38,82,84) in Fig. 37(b).

workers
As seen in Fig. 37(b), the full width at half-maximum
‘0f the dispersion curves at all energies is narrower than the
literature values, but the general trend with energy is the
same, i.e. the half-width is constant up to 30 MeV then
increases at higher energies. The narrower dispersion curves
are probably due to the fact that these results are based on
nuclides in which both the proton number and the neutron number
are changing in contrast to the other data where mainly the
neutron number is changing. An ‘additional effect here may be
the directing influence of the 82 neutron shell in the
fissioning nucleus, which would be particularly felt in the
mass and charge region investigated. A similar effect was
observed in the alpha-particle induced fission of uranium

(78)

isotopes by Colby and Cobble where data for nuclides near
to the 82 neutron shell have a narrower charge distribution
than nuclides far away from this shell,.

The shift of the peak positions of the charge
dispersion curves to lower values -of neutron-to-proton ratios
is reflected in the shift :of the most probable charge, Zp, to
beta stability with increasing bombarding energy. The
appearance of the neutron-deficient nuclides at higher energies

139

is seen from the measurable amounts of the Ce observed from

70 MeV onwards. These two facts bear out the proposition that
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increased neutron evaporation takes place either prior to or

(38,82,84) .

after fission at higher bombarding energies.
broadening and lowering of the charge dispersion curves at
higher energies then reflect the wider range of the fissioning
species at these energies.

The total yields for each mass number were found by
summing the individuval independent yields of all the isobars
for the particular mass chain from the charge dispersion curves.
The total isobaric cross-sections for 139, 141, and 143 mass
chains as a function of energy are given in Table XVI. No
errors have been assigned to these values., The general
behaviour is shown in Fig. 38 where the yields for mass number
141 only, the average of the mass region studied, are plotted
against proton energies. . The yields are seen to decrease
continuously from the highest value at 20 MeV. This is in
agreement with the work of Stevenson et al.(53) which shows
that, as the vglley of the mass distribution curve for 238U
proton fission fills in at high energies, the shoulders of the

curve are pushed in to lower yields. Mass numbers 139 - 143

lie on the right-hand shoulder of the mass distribution curve.

V-C. COMPARISON OF EXPERIMENTAL YIELDS WITH THE
WAHL EMPIRICAL CHARGE DISTRIBUTION CURVE

The experimental yields at proton energy of 20 MeV,

30 MeV, 70 MeV, and 85 MeV are compared with the empirical

(80)

charge distribution curve reported by Wahl et al, These

energies are selected because compound nucleus formation will
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TABLE XVI

TOTAL ISOBARIC CROSS-SECTIONS FOR A = 139,

*
A = 141, and A = 143 AS A FUNCTION OF ENERGY

Ep A = 139 A = 141 A = 143
(MeV) o(mb) o(mb) o(mb)
20 45,5 46.0 45,7
30 41.1 42,3 41.9
40 39 40 39.6
50 38.3 39.6 41,2
60 34.8 36 36.5
70 35 34.3 35.9
80 28.8 28.7 28.9
85 28.8 29 29.3

*
Calculated from charge dispersion curves.
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FIGURE 38

VARIATION OF TOTAL ISOBARIC

CROSS-SECTION FOR A = 141

WITH INCIDENT PROTON ENERGY
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be the predominant mechanism for bombarding energies up to
about 40 MeV and above that fission-neutron-evaporation
competition becomes increasingly important. It will be of
interest to make such a comparison since the present values of
the most probable charge, Zp, are experimental in contrast to
the empirical Zp values used by Wahl et al.(so) to construct
the conventional charge distribution plot (fractional yield
versus Z-Zp).

The excitation functions reported in Section IV were
used to obtain the independent and the cumulative yields of
various fission products. The fractional chain yield of a
particular nuciide was calculated from the total yield of the
respective mass chain at a particular energy given in Table XVI
(Section V-B). The most probable charge, Zp, for mass chains
139 and 143, was calculated from the neutron-to-proton ratio at
the peak of the charge dispersion curve at a given energy in
the same way as that described for the 141 mass chain (Section
V-B). These values, together with the difference between the
nuclear charge, Z, of the particular isobar and the most
probable charge, Zp, of that mass chain, i.e. Z-Zp, are given
in Tables XVII to XX inclusive,. These data are shown in
Fig. 39 where the empirical charge distribution curve and the
uncertainties associated with it are also shown. The agree-
ment of the present data with others is quite satisfactory,
even though the energy of the projectile varies considerably.
Although the mass region (1394 A £ 143) investigated here is

almost the same as that studied by Wahl et al.(so), the
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agreement seems to be more than coincidental. This leads one
to believe that charge dispersion -can be very adequately
represented in the form of a Gaussian distribution as proposed

by Wahl et al.(80)



FRACTIONAL CHAIN YIELDS AND Z-Zp

TABLE XVII

FOR NATURAL URANIUM + 20 MeV PROTONS

Fission Independent Cumulative Total Fractional Z * Z - 2
Product Yield Yield Chain Chain
Yield Yield
(mb) (mb) (mb) (%)

13%s - 29 45.5 6317 55.05 -0.05
1§2Ba 11.1 - 45.5 24 .4 55.05 0.95
tiiBa - 43 46.0 93,5 55,84 0.16
1§§La 9.0 - 46.0 19.6 55.84 1.16
lice 0.7 - 46.0 1.5 55.84 2.16
1¥oLa - 26.2 45.7 57.3 56.63 0.37
IQSCe 5.0 - 45,7 10.9 56.63 1.37

*

g 1.525, at the peak position of charge dispersion curve,

z

- Y1



TABLE XVIII

FRACTIONAL CHAIN YIELDS AND Z-Zp FOR NATURAL URANIUM + 30 MeV PROTONS

*
Figsion Independent Cumulative Total Fractional Z Z - 2
Product Yield _ Yield Chain Chain P P
Yield Yield
C(mb)  (mb) (mb) (%)

lgch - 21.6 41.1 52.5 55.38 -0.38

1ggBa 14.8 - 41.1 36.0 55.38 0.62

lgéBa - 33 42.3 78.0 56.17 -0.17 |
H
o

lgiLa 13.6 - 42.3 32.15 56.17 0.83 '

1§;Ce 0.9 - 42,3 2.1 56.17 1.83

légLa - 23.8 41.9 56.8 56.97 0.03

lggCe 8.6 - 41.9 20.5 56.97 1.03

= 1.510, at the peak position of charge dispersion curve.

N =
i



TABLE XIX

FRACTIONAL CHAIN YIELDS AND Z-Zp FOR NATURAL URANIUM + 70 MeV PROTONS

Fission Independent Cumulative Total Fractional Z * Z - Z
Product Yield Yield Chain Chain P
Yield Yield
(mb) (mb) - (mb) ()
13208 - 10 35 28.6 55. 94 -0.94
1?23a 16.0 - 35 45.7 55.94 0.06
3%e 0.35 - 35 1.0 55.94 2.06
lgéBa - 12.3 34.3 35.9 56.74 -0.74
1§§La 16.4 - 34,3 47.8 56,74 0.26
lg;Ce 3.2 - 34,3 9.3 56.74 1.26
1§§La - 13.8 35.9 38.4 57.54 -0.54
IQZCe 14.8 - 35.9 41.2 57.54 0.46
*

N =

1.485,

at the

peak position of charge dispersion curve.

= 971



TABLE XX

FRACTIONAL CHAIN YIELPS. ANP-Z-Z FOR NATURAL URANIUM + 85 MeV PROTONS

*

Fission Independent Cumulative Total Fractional A Z - Z
Product Yield Yield Chain Chain P
Yield Yield
(mb) o (mb) " (mb) (%)

lgch - 7.6 28.8 26.4 56.12 -1.12
lggBa 12.8 i, 28.8 44 .4 56.12 -0.12
1§§Ce 0.8 - 28.8 2.8 56.12 1.88
lnga - 8.6 29 29.6 56.92 -0.92
lg%La 12.3 - 29 42 .4 56.92 0.08
1§;Ce 8.1 - 29 27.9 56.92 1.08
lggla - 10 29.3 34.1 57.73 -0.73
1§ZCe 11.6 - 29.3 39,6 57.73 0.27

*

g-= 1,477, at the peak position of charge dispersion curve.

= L1
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FIGURE 39

COMPARISON OF INDEPENDENT AND CUMULATIVE

R

YIELDS WITH THE EMPIRICAL CHARGE
(80)

DISTRIBUTION CURVE OF WAHL ET AL.

Wahl et al.(so)

This work 0 = 139Cs

m - 13%,

X = 139Ce

O = 1413&

A= 141La

° =~141Ce

A = 143La

v = 143Ce
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VI. SUMMARY AND CONTRIBUTION TO KNOWLEDGE

Isobaric yield distributions in the fission of
natural uranium by 20.- 85 MeV protons have been studied. The
mass region investigated was 139 ¢ A £ 143,

The independent formation cross-sections of 1393&,

1390e, 141La, 141Ce, and 1430e-and the cumulative formation

139Cs 141Ba 143

cross-sections of , and La have been determined

s
at various proton energies by radiochemical techniques.

Excitation functions for each of the fission products
studied have been constructed and they were found to have the
expected shapes and magnitudes. The excitation function for
143Pr interpolated from charge dispersion curves is also
reported.

The proton energies at which the excitation functions
teach their maxima were plotted as a function of the neutron-
to-proton ratio of the product. The data from the literature
were also included to obtain the .composite graph. The curve
seems to indicate that the neutron-to-proton ratio of the
product is a fundamental parameter and might be useful for the
correlation of other fission data, as pointed out by Friedlander
et al.(82)

Independent formation cross-section data were plotted
as a function of neutron-to-proton ratio of the fission product
to construct the nuclear charge dispersion curves at proton

energies of 20, 30, 40, 50, 60, 70, 80, and 85 MeV. The

-cumulative yields were used to define the right-hand portion of
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the curves. With increasing proton energy the curves broaden
and the most probable charge approaches the line of beta-
stability. These phenomena are accounted for qualitatively in
terms of neutron evaporation. The»charée dispersion curves
were narrower than those reported in the literature from
similar studies. Total isobaric cross-sections, as a function
of energy, were interpolated from the charge dispersion curves.
Experimental yields were compared with Wahl's
empirical charge distribution curve, and the agreement was very
satisfactory. It seems that charge dispersion can be very
adequately represented in the form of a Gaussian distribution

as proposed by Wahl et al.(so)
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APPENDIX A

EQUATIONS FOR CUMULATIVE FORMATION CROSS-SECTION CALCULATIONS

With a thin target approximation, when a target is
bombarded with a beam of projectiles, the rate of formation of

a product nuclide, A, is given as
In (A-1)

where Oy T formation cross-section of the nuclide, A, iq
cﬁz, under the conditions of the reaction,
I = projectile beam intensity called 'flux', which
is thé number of pérticles per cmz per second,
N, = number of atoms of the nuclide, A, and
n,, = number of target nuclei presented to the beam.

When a product nuclide is radioactive, it will decay

during the time .0of bombardment. This can be accounted as
follows:

dNA

—_— = g, I n, - N,A (A=2)

dt A T A”A

where NAKA = decay rate of the product nuclide, A, and
XA = decay constant of the product nuclide, A.
If the beam intensity, I, is considered constant

during the bombardment, and imposing the boundary condition
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that at t = 0, NA = 0, and denoting t = to’ where to is the

duration of bombardment, then equation (A-2) has the following

o

solution for N, at the end of bombardment, i.e. NA'

A

o
NZ =4 o (1 - e A °) (A-3)
A
A
-N, t
o _ .0 Ao
or NN, =D, =0, €0, (1 - e ) (A-4)

where DZ is the disintegration rate of the product nuclide A
at the end of bombardment.

Equation (A-4) can be used to calculate the formation
cross-section of any shielded nuclide or any nuclide whose
precursors have decayed completely at the time of chemical
separation, i.e. the cumulative formation cross-section,
provided the disintegration rate at the end of bombardment of
that product nuclide is known. However, it is very difficult
tb determine the exact value of the beam intensity, I, and this
is usually accomplished by monitoring the beam with an
appropriate monitor reaction whose formation cross-section is
well known. If the monitor is bombarded under similar

conditions as the target itself, then equation (A-4) when

applied to the monitor reaction gives,

=0, In, (1 -ce M °) (A=5)

where the subscript M refers to the monitor.



equation (A-4) by equation (A-5) and rearranging.

One substitutes appropriate values for n

takes into account the natural abundance, N.A.,

- 133 -

The following expression is obtained by dividing

Do n
o, = 0, X A X M X
A M ';' -
DM n

T

The above expression can be rearranged as follows.

T

and n

and also

of the

(A-6)

particular isotope of the element, which is of interest in the

nuclear reaction under study,

density, S.D., in equation (A-6).

in terms of the superficial

Since the area presented to

the beam of incoming particles is the same for both the target

and monitor foils, then

o

DA (S.D.)M (N.A.)M (AOWI)T ‘ UM
O'A= X X X X =——X

=\, t ‘ o
or S\ = D F

00 Dy
where DA = ’

“Mato
(1-¢ 29
. . (s.D.)M (N.A.)M (A.w.)T Ty
o X x-_ .x vl

and

(A-8)
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The subscripts T and M refer to the target and the

monitor respectively. Eqﬁation (A-8) is of the same form as

that given by Friedlander et al.(sz)
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APPENDIX B

EQUATIONS FOR CROSS-SECTION CALCULATIONS

FOR A PARENT-DAUGHTER PAIR

The symbols used in the following equations have the
same meaning as 'stated in Appendix A, otherwise they are

defined for clarity.

Consider a chain A - B - C (stable). The fractional

chain yield, f, of the nuclide B is given as

o .
£ = B (B-1)
qA + Og +~°C

where Op = cumulative formation cross-section of the
-parent nuclide, A,
op = independent formation cross-section of the
-daughter nuclide, B, and
0c = independent formation cross-section of the
stable nuclide, C.

‘If‘NA is the number of nuclei of A at any time, t,

which is the time -of removal of A after the end of bombardment,

the net rate-of production of A, as givén in Appendix A, is

A -y I, - N (A-2)

And the amount of A present at the end of the
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bombardment 1is

L(1-e 20 (4-3)

where to is the duration of bombardment.

Again, if NB is the number of nuclei of B (daughter)

at any time t, the net rate of production of B is

dN -hAt

— =0, I ng (1 - e ) + 0, I n, = N\

p I % = Nprp (8-2)
In equation (B-2), the first group of terms appears
due to parent nuclide, A, the second term is from the
independent formation of daughter nuclide, B, and the last term
takes care of the decay of the daughter nuclide, B.
The amount of B present at the end of the bombardment
is
I . (cAi-oB) T W, - In, o

- x(l-e B O)_ T A (B-3)

N

°
B

Also, during the interval between the end of the
bombardment and the removal of A (the separation time), the

amount of B growing from an initial amount of NZ in a2 time, t,

is

(B-4)
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And the amount of B remaining from an original amount

o

of NB’

after time t, is
Ny e (B-5)

Therefore, when A is removed, the amount of B present

is
Np = ——— x (e - e ) + N, e (B-6)

Substituting for NZ and N; from equations (A-3) and

(B-3), gives

o -\, t At =At
NS= T n A (1- A 0)(e A -e B )
B T hoen, )
B™"A
A, t o =At “Apt] (o, +0,) At Aot
-(e Avo_, B °Yx e B +-__ft_——§—:c(1-e B V% e B (B-7)
*p

Multiplying equation (B-7) through by g cand

rearranging, the disintegration rate, D of the daughter

s
B’

nuclide B .at time t after the end of the bombardment is given by

N -A, t
pi(t ,t)=1I n.fo —B  x (l-e A %)
B~*a

A . A
A x (l-e B °)x e + op(1l-e

(XB‘XA)
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Equation (B-8) can be re-written in the following

simple form:

K- -
Dot st) = T n, [xB(KloA + KzoB)] (B-9)
A, t - At “ALt
e A (1 - e A 0) _ (hA/%.B)e B (1 - e B o
where ‘Kl = S — S - (B-10)
Ag = A | '
B A -
e-th(1 _ e-tho)
Mg

Again, for the beam intensity, I, as explained in

Appendix A, recalling equation (A-5) which is

. ALt
o _ Mo
Dy = 0y I nM(l - e ) (A-5)
)
‘D . S

M _ 00 |
or = Dy = oy I ny (B-12)

“Muto

(1L - e 7))

Dividing equation (B-9) by equation (B-12) gives

Dg = r x[-)»’(K & + K,0.) (B-13)
w0 on K10y * Ky0p ] |
M
s _ 0% np |
or Dy = — X — X [)\.B(K,IUA + KZGB)] (B-14)
' ™
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Substituting for ng and Dy

presented to the beam of incoming particles is the same for both

and since the area

the target and monitor foils, equation (B-14) becomes

D = : (K,0, + K,0,) (B-15)
- ;7' "17A '2°B -

where F is as defined in equation (A-8). Equation (B-15) is

‘similar to that given by Friedlander etval.(sz)
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APPENDIX C

EQUATIONS FOR 1%%Ba + *®ps ‘CoNTRIBUTION

140

12,8 d. 1
— 1405, (a) 2.8 4., 14

oLa’(B) 40.2 h. 140, (C) (stable)

The disintegration rate of 14OLa activity, DB’ at any

time, t, is

A -\, t “Apt
D, =—2DB . 0% (e A - B (c-1)
B N N A
B~ A
o 140
where DA = disintegration raite -of Ba activity

-at.- zero time, and

xA and XB = decay constants of.léoBa and 14OLa

.respectively,
140
Again, the disintegration rate of Ba activity, DA"
at any time, t, is
Y. - ‘
o A
D, =D, e ' (c-2)
Therefore
-\, t N -A,t -hg t
. - o A : B o A B
Dy + Dy Diotal = D4 © + — . DA(e - e ) (c-3)
B™"A
. D,
or DX - tptal (c-4)
-\, t A “\, t =Apt
e A + B (e A" _ e B )
.



_ 0 A B A B
or Diota1 = Pa |® + - - (e - e ) (c-5)
B~ "A
140 140
Since Dgotal ( Ba + La) at any time t, after
139 139
Ba has completely decayed to stable La, is known from the

tail portion of the gross decay curve, DZ can be calculated

from equation (C-4). Knowing'DZ, equation (C-5) can be used
to calculate D 1403& + 140La, at various times.

total?®
Equations (Ce«4) and (€-5) were used to calculate the

.contribution due to 1403a + 140La, which was then subtracted

from the observed gross counts to determine the activity of
139Ba
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