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I. INTRODUCTION

I-1. GENERAL

An interaction between nucleons and/or nuclei is
commonly termed a nuclear reaction. This includes a variety
of processes such as elastic or inelastic scattering,
spallation, fragmentation, fission, etc. In the present work
strontium, enriched to greater than 99.8% in mass 88, was
bombarded with protons in the energy range 7 to 85 MeV. Elastic
or inelastic scattering studies, although important, have not
been undertaken in this work. The process of fission involves
the division of target nucleus into two or more roughly equal
masses; while in fragmentation, chunks of nuclear matter are
split off from the struck nucleus. The cﬁance of occurrence of
the latter two processes, in the range of energy and for the
target nucleus under investigation, 1s very small. We will
therefore concern ourselves with spallation reactions in which
nucleons or small clusters of nucleons are ejected from the
bombarded nucleus.

When a projectile (nucleon or a light complex nucleus)
approaches a target nucleus, it finds itself under the influence
of internucleonic forces. The incomplete understanding of
nuclear structure, however, forbids one to construct an exact
Hamiltonian for the energy of the system. One is therefore

forced to replace the exact Hamiltonian with a simple one, the



solutions of which could be worked out. In other words, one
constructs a model, usually analogous to a certain physical
concept, and applies it to the limited task of explaining only
a certain aspect of the problem. Thus, in nuclear reactions,
even for the same projectile-target system, different models
are used to explain different features of nuclear reactions
depending on bombarding energy, mass of the target nucleus,
etc.

Nuclear reactions are commonly interpreted with the
aid of two mechanisms, depending on the excitation energy
imparted to the nucleus by the incoming projectile. At low
energies the compound nucleus mechanism(l), a two-step process,
is employed. This involves a slow intermediate stage. At
high energies, the direct interaction, a one-step process, 1is
commonly invoked. For reactions proceeding by a compound
nucleus mechanism, therefore, the products should not show any
memory of the way of their formation which further leads to
predictions of 'symmetry about 90°" in the centre-of-mass
system, and Maxwellian shape of the energy spectra of emitted
particles. In the case of a direct interaction, however, the
reaction products are expected to show a strong memory of their
formation, and the ejected particles exhibit strong preference

for emission in the forward direction and be energetic.

Both of these mechanisms are discussed in the

following sections.



I-2. COMPOUND NUCLEUS MECHANISM AND
STATISTICAL MODEL

When Bohr(l) proposed his compound nucleus model,
Bethe(z) had already put forward a potential-well model (Section
I-6) for neutron reactions, which unfortunately was unable to
predict the narrow resonances found experimentally. Bohr
realized that these narrow resonances are essentially a many-
particle effect as the excited states of such a system would
have many different configurations differing in small amounts of
energy. Accordingly, he assumed the nucleué as a system of
particles having strong interactions of short range between them.
The process of a nuclear reaction could thus be visualized as
follows. The impinging particle amalgamates with the nucleus
as soon as it enters the boundary of nuclear forces. The
excitation emnergy (kinetic + binding energies) and momentum
splits between the particles at each collision and is quickly
shared because of strong interaction (or short mean free path)
attaining a quasi-equilibrium state. The excitation energy is
shared nearly equally between the nucleons, most of the time, and
the excited states are quasi-~-stationary. After a long time
(long compared to the time the projectile takes in crossing the
target nucleus), by fluctuation, when enough energy (greater than
separation energy) gets concentrated on a nucleon or a group of
nucleons, particle emission becomes possible. Alternatively,

if the life-time of a compound state is comparable to the life



time for gamma emission, decay of the compound nucleus by gamma
emission also becomes feasible. The nuclear reaction is thus

divided into two independent stages,

1. formation of the compound nucleus, and

2. disintegration of the compound nucleus into reaction

products.

The compound nucleus thus forgets the way or the
channel in which it was formed, before the process of decay sets
in, and the decay of this intermediate state 1is characterized
only by the constants of motion (energy, angular momentum and
parity), its size and shape. Experiments designed to test the
validity of this hypothesis are described in the following
section (I-3).

Widths and interspacings of resonance lines observed
in the (n,7) reactions of many elements show clearly that
excited states at lower energies are quite sharp and relatively
widely spaced. The mean life-timé of the compound nucleus
could be calculated by using the width of the resonance line in

Heisenberg's uncertainty principle, i.e.

These life-times are found to be about 10_14 - lO_15 seconds
compared to 10" 8 seconds required for a thermal neutron to
cross a medium weight nucleus. The partial width for decay

into a particular channel J is denoted by'r‘J and is related to



the total width by the relation

=< T, (2)

When the excitation energy of the compound nucleus is
increased, the chance of localizing enough energy on a nucleon,
or a group of nucleons, increases. Further, some of the
channels which were prohibited due to barriers (centrifugal
and/or potential) also become accessible. All this results in
a decrease of the mean life-time of the compound nucleus, and
therefore an increase in the width (broadening) of the corres-
ponding level. In addition, the spacing between the energy
levels should be expected to decrease as the energy of the
excited nucleus increases. Both these effects contribute
towards the overlapping of levels and to a condition under which
it should be impossible to excite a nucleus to a single level
even under ideal energy resolution conditions. This is known
as the Continuum Region.

Many states of the compound nucleus which enter into
the reaction should, therefore, be expected to interfere. This
will result in asymmetry of angular distribution of emitted
particles about 90o in the centre-of-mass system, contrary to
the result when the decay takes place from a single quantum
state. It is assumed that 'the internal motion of the compound
nucleus is completely randomized except for the exact quantum
numbers, éqergy, angular momentum, etc.'(4) Under this

assumption there are no phase relations between the various



contributing states. If one further assumes that the width of
the incident energy beam is larger than , interference effects
should cancel out and the symmetry in angular distribution is
restored. Another problem arises if the overlapping states
have different partial widths for a particular exit channel,
affecting the independence hypothesis. This is, however, annuled
by assuming that the overlapping states have the same relative
partial widths for the various possible decay channels. These
assumptions form the basis for the statistical model and allow
the applicability of the Bohr assumptions to a region of
overlapping states.

With these assumptions it becomes a simple matter to
calculate the cross sections for individual reactions by
comparing the excited nucleus to a heated liquid drop or
radiation from a black body and by the use of the principle of

(3,4)

detailed balance. According to this principle, the

'a' to a state 'b', P is
ab

transition probability from a state
related to the transition probability from a state 'b' to the

state 'a' by the relation

%
“, Par T %% Poa (3)

where w, and wy denote the density of states for the state ‘'a'

and 'b' respectively, and the asterisk on Pba indicates the
time-reversed transition, i.e. transitions in which all

velocities and angular momenta have changed signs. The phase

space considerations then lead to the desired results; and the



probability PQ( 8,EC) per unit time for the emission of a
particle VY with channel energy between ¢ and €&+ d€ from a

compound nucleus with excitation energy EC is given by

(259 + 1) (‘)(Ef)
P\)(e,Ec)dE = Ty €. u . 09( Q,Ef) . ';'('E—')' . d€& (4)
n % c
where i = reduced mass of the emitted particle and

residual nucleus system,

€ = channel energy or kinetic energy of the
relative motion of the emitted particle and
residual nucleus in the centre-of-mass

system,

sv = spin of particle ¥V [(239 + 1) is the

statistical weight factor],

=
]

excitation energy of the residual nucleus,

inverse cross section for the capture of

Q
<
N
©
t=
r—h
-~
I

particley with relative kinetic energy €
by the residual nucleus at excitation

energy Ef, and

it

a)(Ef)and u)(Ec) density of states for residual and compound

nuclei at appropriate excitation energies.
The total probability per unit time for emitting
particle v , is obtained by integrating (4) over its energy

spectrum, i.e.

AR |

Py va( €,E.)dE (5)
€

and the total probability per unit time for the decay by all

particles is obtained from (5) by summing over all particles and

their corresponding energy spectra. The cross section for the



emission of particle 'W' is then obtained by finding the
relative probability for the emission of this particle to all
others, and multiplying "it"* with GC( Ea)’ the cross section for

the formation of a compound nucleus with projectile 'a' and with

channel energy ea; and 1s given by

>

a(a,y) = cc( €) —— (6)

&l

Necessary limits for integration of equation (5) and similar
equations, due to all other particles, are determined by
potential barriers, separation enefgies and energy spectra of
these particles. It may be noted that equation (6) has been
derived for the evaporation of a single pafticle and the
calculations will have to be repeated for the second particle
when the residual nuclei, which are formed over a spectrum of
energies, will be considered as the compound nuclei. It may
also be pointed out that, in this derivation, effects due to
angular momentum are ignored. To take these into account,
equation (4) is modified to give rate of emission of particleﬂ
from a particﬁlar angular ﬁomentum state JC of the compound
nucleus of excitation energy EC to the residual nucleus of a

particular angular momentum state J

as(5’6)

and ‘excitation energy E

b f

(2sy + 1) w(E,,
R(EC,JC,£ ,Jf)d£ = — ﬁz ;—3-——. €.p.0 (E,JC,Jf).-;J—-(-E:’

J
7y -d€ (7)

>Jg)
)



where the density of states in this case corresponds to a
particular angular momentum Jc or Jf at appropriate excitation
energies; and the inverse cross section also refers to
particular angular momentum states besides other specifications
mentioned above. Again, the probability per unit time for
emission of particle ¥ , corresponding to equation (5), is

obtained for the decay of a compound nucleus with particular

spin JC and excitation energy Ec as

T:,(EC,J

el

) (25v+ 1)

C

(73]
ji Z c\)( €,J,,7;) _‘;(EC:E:)- d€ (8)

The summation over J,. is performed in order to take into account

f
the probability of decay from a given state Jc to any state Jf.
The cross section for the emission of particle Y from a
particular spin state JC is obtained by multiplying the relative
probability for the emission of particle Y as compared to all

other particles (as in the previous case) and the cross section

for the formation of a compound nucleus with spin JC at

excitation. energy Ec' This is therefore given by
TS(EC’JC)
o; (a, W) =0 ( €,3) (9a)
c
$ T (2.3
; i :
i

and the total cross section for the emission of particle VY from

all compound states is given by

: WE_,7.)
dla, V) = ﬁi o 0 €.,3.) ¥ ierle (9b)

c

e i T (EC’JC)




It may be remarked that, although inverse cross sections are for
the excited state, it is possible only to calculate them for the
ground state. Equation (9) has been used by Esterlund and

(

Pate 7) for analysing the excitation function (defined below)
data for reactions involving the emission of a single nucleon.
The physical picture as emerging from the previous
discussion is that an excited nucleus with excitation energy
greater than particle emission threshold will evaporate particles
(e.g. neutrons) and, when the excitation energy is not enough
for particle emission, the excited nucleus approaches the ground
state by emitting a cascade of gamma rays. As the emitted
particles will have a spectrum of energies, residual nuclei will
correspondingly be formed with a variety of excitation energies.
Various conservation laws will apply at each de-excitation stage.
Equation (4) could be further simplified (with suitable
assumptions) to show that the energy spectra of emitted particles.
has a Maxwellian shape. The formation of peaks in the graphs,
representing cross section versus energy (of the projectile) for
a particul&r reaction product, 1is easily understood according to
the afore-mentioned assumptions. These graphs are called

"TExcitation Functions' and form a major part of this work.

I-3. EXPERIMENTAL VERIFICATION OF
COMPOUND NUCLEUS MECHANISM

Bohr's theory is based on the assumption that particle

emission occurs after a relatively long time has elapsed from
the time the incident particle was captured. Probably the best
verification would be the determination of these life-times from

resonance widths of single levels. This has been done for slow



neutron reactions and typical life-times, as ascertained from

resonance widths, are found to be lO-15 to 10-16 seconds.

(

Ericson 8) has inferred approximate life-times of the
excited states in a region beiween isolated neutron resonances
and strongly overlapping levels, by utilizing fluctuations in
total reaction cross sections. These fluctuations, which arise
as a result of a few exit channels available at such excitation

yol
energies, occur with a period of Tq=.f.

(

By analysing
Cranberg's 9) data for total cross sections for 2.5 MeV neutrons
(with 2 keV resolution) incident on Fe, he found the half-width
about 5 keV corresponding to an approximate life-time of 10-19
seconds.

With the increase of excitation energy appreciably
above the neutron binding energy, it however becomes impossible
to determine the life-times from an individual level. It
therefore becomes necessary to look towards more indirect ways
such as those described below.

One of the classical experiments to test the validity
of the Indeﬁendence hypothesis is due to S.N. Ghoshal.(lo)
Ghoshal studied the excitation functions of different nuclear
reactions by forming the same compound nucleus (64Zn) in two
different ways, 63Cu + p, and 6oNi + . His results showed
that, within experimental error, the relative cross sections of

different products, for proton as well as for alpha particle

bombardments, were the same at the same excitation energy

(e.g. G(Papn) = U(O.’,pn)).

There is a point to note, however.
o(p,2n)  o(a,2n)




When a compound nucleus is formed with two different projectiles
at the same excitation energy, the distributions in angular
momenta must be different. The compound nuclei produced by two
'ways' are therefore not truly identical. The main point is
that, for a particular spin (I), there is a corresponding
particular energy (E) below which, on the average, no states of
spin 1 or greater exist. When a compound nucleus possesses
excitation which is slightly above the threshold for nuclear
emission, neutrons will be emitted with very low energy and
consequently with little or no angular momentum (% =0).  If
the compound nucleus possesses high angular momentum while the
residual nucleus is being formed with a slight excitation energy,
transitions will be hindered. In such cases de-excitation by
gamma emission will effectively compete with neutron emission.
This is also sometimes stated by saying that rotational energy
associated with spin is not available for particle emission.

The threshold for particle emission will be raised and the
excitation function shifted. Tests similar to those of Ghoshal

(11) (12)

have also been performed by workers like John

(13) (14)

Rayudu

and Porile Recently Grover and Nagle measured the

excitation functions for (p,n), (p,2n), (a,n) and (o,2n)

l .
oPo). They

reactions by forming the same compound nucleus (
found their results consistent with the compound nucleus
mechanism, provided they took into account the competition

between gamma and neutron emission, as well as the different

distributions in angular momentum for the compound nucleus



formed by proton and alpha particle bombardments.

A relatively more reliable test would be to compare
the shapes of the energy spectra of the particles emitted by the
same compound nucleus formed in different ways. The method
also compares the probability of direct interaction to compound
nuclear processes. The energy spectra observed by Sherr and

(

Brady(ls) and Lassen et al. 16) for the alpha particles emitted
by the compound nucleus 60Ni formed by the reactions (59Co + p)
and (56Fe + ) respectively and at approximately the same
excitation energy have very similar shapes, thus supporting
Bohr's Independence hypothesis. It may also be remembered that
these spectra do contain a direct interaction component although
not a dominant one.

The Statistical Model predicts the angular distribution
of emitted particles to be symmetrical about 90° to the direction
of the incident beam. The first test of this symmetry was
performed by Wolfenstein§17) Since then many workers have
performed angular distribution studies using incident particles
in the low and intermediate energy range ( of the order of
10 MeV per nucleon). The results are consistent with the view
that the total reaction cross section involves mostly compound
nuclear processes, although there is a sizeable fraction
(10 - 20%) which should be attributable to direct interaction.(18)

(19)

Recently Bodansky et al. studied the evaporation of
. . 58, . . 58, . .
coincident protons from the Ni(c,2p) reaction. Ni is a

proton-rich target and at 32 MeV the cross section for compound



nuclear processes was found to be 560 T 50 mb, which 1is over
one~-third of the total reaction cross section. Good agreement
was observed between the predicitions of the statistical theory
and the experimental yield, energy and angular distribution.
The author attributes over 90% of the observed (2p) events to
compound nuclear processes with alpha particles of 32 MeV

incident energy.

I-4. DIRECT INTERACTION MECHANISM AND
CASCADE EVAPORATION MODEL

The compound nucleus mechanism is quite successful in
explaining most of the aspects of low- and medium-energy nuclear
reactions. However, the same reasoning cannot be applied to
high-energy reactions. For example, as noted by Serber(zo),
for high-energy bombardments (e.g. with 100-MeV nucleons)
products close in mass to the target nucleus are produced in
high yield as well as the lighter products. Also, the
excitation function curves for simple nuclear reactions do not
fall rapidly after crossing the peak as at lower energies but
instead vary slowly. Both these observations are contrary to
the predictions of the statistical model. Serber also noticed
the decrease in the total cross section for the results of Cook
et al.(21) (particularly for light nuclei) when several nuclei
were bombarded with 90-MeV neutrons; an effect which he
ascribed to 'transparency' of the nuclear matter. To this

could also be added the preferential forward emission of

relatively high energy particles (close to the incident beam



energy) as observed in energy and angular distribution studies.

Serber(zo) argued that the mean free path of a nucleon
traversing nuclear matter increases with its energy, and for a
100-MeV nucleon it will be about 4 X 10-13 cm, which 1is
comparable to nuclear radii. Therefore a nucleon might traverse
the nucleus and emerge without a single collision (Transparency).
He described the initial stage of a nuclear reaction in terms of
a succession of two-body collisions between the incident nucleon
and the individual nucleons in a nucleus,with the struck nucleon
and the others, and so on. If the energy of the incident
particle and the struck nucleon is high enough so that their
wave-length would be small compared to the internucleon distance,
the presence of other nucleons could be ignored (Impulse
approximation), except for the application of the Pauli exclusion
principle. The emergence of either or both particles after the
collision will be determined by the geometrical position of the
collision in the nucleus and the direction of the particle after
the collision, as well as by their energy. The inter-collisions
continue uptil the affected nucleons either leave the nucleus or
their energy is reduced to an extent that they are unable to
leave the nucleus. In this manner an internuclear cascade is
generated. The stochastic nature of the problem is obvious as
the outcome depends on the collisions between the nucleons, made
in a random way.

As the emitted particle carries a large fraction of

incident energy, the number of particles knocked out will be few



and the residual nuclei will usually be left behind with
relatively small excitation energy at the end of this stage.
Nevertheless there will be a broad distribution of energies in
the residual nuclei, ranging from zero to maximum excitation
(incident + binding) energy. The residual nuclei will share
this energy amongst their constituents and a quasi-equilibrium
state, exactly similar to compound nucleus, is formed. The
evaporation of particles from this state should be in accordance
with the Statistical Model. These two stages of cascade and
evaporation are sometimes referred to as the Cascade-Evaporation
Model.

Thus the Serber mechanism explains, at least
qualitatively, why products close to the target mass are formed
in such a high yield as well as the large range of mass numbers
that could have been expected from the Statistical Model. The
model also easily explains the 'tails' observed in the excitation
functions of simple nuclear reactions such as (p,xn) and (p,pxn)
etc., as well as the reason why the emitted particles are
strongly peaked forward in the high energy nuclear reactions.

Asymmetry in angular distribution results at medium

(22,23, 24)

energies, as observed by many workers is also ascribed

to Direct Interaction. Although several mechanisms have been

(25)

proposed, the view of Austern et al. regarding two-body

interactions in the diffuse surface of the nucleus seems to be

(23,26-28)

favoured. Incidentally, reactions such as 'stripping’
y pping

or 'pick-up' are also included in this category because they too



proceed with the same mechanism and time scale.

Nuclear reactions could also be divided into two
Aclasses on the basis of 'time-scale'. A fast reaction (or
direct interaction) takes place in a time which is of the order
of the transit time of a nucleon across the nucleus ( 10_22
seconds) while a slow reaction takes a very much longer time.
When the incident particle strikes the target, the wave-length
of the particle is usually short and the first collision should
thus be considered as a two-body collision (except at low
energy) . If this collision should happen to be at an
appropriate site, particle ejection should be possible and the
ejected particle will take up an essential part of the momentum
and energy of the incident particle, leading to an asymmetry in
the angulaf distribution results. The 'appropriate' site for
the medium-energy particle should be considered as the diffuse
surface of the nucleus. The incident and/or struck particle
could very well stay in the nucleus. There will be further
collisions between the nucleons and each successive collision
will result in the distribution of energy and momentum, while
particle emission is possible at each step. A particle emitted
as a result of a second collision will also manifest the 'memory’
of the incident particle and will still show preference for
forward peaking, although less pronounced. When the energy is
finally distributed amongst all particles and about equally, a
compound nucleus is formed. As explained before in the section

on compound nucleus, the emission is now likely to be after a



long time, and in a statistical way.

We have seen how Bohr's theory could be coupled to the
Direct Interaction theory to explain the mechanism of nuclear
reactions. The following section outlines, very briefly, the
application of the Monte Carlo method to cascade-evaporation
calculations. As we proceed to the Optical Model in the
succeeding section, it is important to mention another
prediction of the compound nucleus model, as this has a strong
bearing on the development of the optical model. Accordingly,
the total cross section averaged over an energy interval which
contains a large number of individual resonances decreases
monotonically as the incident energy increases; and at a fixed
energy increases with mass number. To this may also be added,
as a reminder, that the differential cross section at a
particular energy should be symmetrical around 6 = x/2.

I-5. MONTE CARLO CALCULATIONS

The random nature of both cascade and evaporation
processes has attracted several workers to compare experimental
results with the cascade and/or evaporation calculations, using

(29-41)

Monte Carlo techniques. A brief summary is given below.

Cascade Phase

(32)

Goldberger first applied the Monte Carlo technique

to the intra-nuclear cascade using the assumptions outlined for
the Serber mechanism. Essentially the same procedure was

(30,31,33-37)

followed by many later workers. They all assumed

the nucleus as a degenerate Fermi gas of non-interacting nucleons



1/3

in a square potential well of radius roA , with uniform density
distribution. The radius parameter (ro), depth of the well and
cut-off energy (energy below which cascade particles were assumed
to be captured) were, however different. Recently, Bertini(3l)
attempted to approximate the Fermi-type charge distribution by
dividing the nucleus into three concentric spheres of different
densities. The most comprehensive calculations, however, for this
phase (except for model) are due to Metropolis et al.(30) because
they used a three-dimensional relativistic treatment, included
meson production and its further participation in the cascade,
followed many more cascades (1000) for each set of initial
conditions to improve statistical accuracy and covered many
targets and incident (nucleon) energies, up to about 1.8 BeV.
According to this program, parameters like point-of-entry and
collision partner are chosen at random. | The distance of travel
of a nucleon was determined from its mean free path which in

turn was computed from the total collision cross sections with
other nucleons and nuclear density. The collision cross
sections were calculated from empirical relations which in turn
had been verified from experimental data. The position of
collision was examined to know whether it was in, or outside, the
nucleus. If outside, the partiéle was'supposed to have escaped.
If within the nucleus, the collision partner was chosen and the
collision mechanics worked out. The forbiddeness of collision

was next examined on the basis of the Pauli exclusion principle.

A forbidden collision was re-started from the position of the



forbidden collision while in the case of an allowed collision
both the partners were followed in turn. The process 1is
followed for the incident as well as for all the struck nucleons
till they either leave the nucleus or their energy 1s reduced
below the cut=-off energy value. The program does not consider
the presence of any aggregate of nucleons in the nucleus and
therefore cannot predict the cascade emission of any complex
unit such as deuterons or tritons, etc. The output consists

of type, number, energy and angular distribution of the emitted
particle, A, Z, and excitation energy of the residual nuclei.

Evaporation Phase

Calculations for the evaporation of particles from the
excited nuclei remaining after the intra-nuclear cascade have
been performed(38-4l’33’29) by using Weisskopf's formalism
(equation 4), which gives the probability of emitting a particle
'i' (chosen at random) with kinetic energy €, Studies in the
first four references used analytic procedures for the cal-
culation of emission probabilities, while Rudstam(33) and
Dostrovsky et al.(zg) used the Monte Carlo method. The
calculation of Dostrovsky et al.<29) is most complete since usage
of high speed computers allowed them to follow many cascades
(500 in this case) thus improving the statistical accuracy
besides considering the emission of many particles (neutron,
proton, deuteron, triton, (-particle and 3He). The inverse
cross section is calculated for the ground state and by empirical

formulas, and the constants giving the best fit to the continuum



2
theory cross sections are obtained.(4 »43)

The simple level-
density formula is modified to take into account the pairing
effect, while shell effects are not considered. Output of the
program includes type, number, energy and angular distribution

of the emitted particles besides A and Z of the final residual

nuclei.

I-6. OPTICAL MODEL AND NUCLEAR REACTIONS

Bethe(z) (1935) was the first to put forward a
potential-well model to explain results of low energy neutron
reactions. In this model, the nucleus was approximated as a
potential well of constant depth which abruptly became zero at
the surface of the nucleus. The model predicted elastic
scattering predominantly; broad maxima with spacings of several
MeV for the cross section as a function of energy; and at
higher energies, the differential cross section to show strong
forward peaking at almost all energies. The model, however,
met an instant failure as the neutron resonances pertained to
capture rather than scattering and were sharp and narrowly
spaced.

As explained in the preceding sections, Bohr's
compound nucleus model explained neutron resonances very well,
but also predicted that the neutron cross sections, averaged
over an energy interval of many resonances, increased mono-
tonically as a function of A and monotonically decreased as a
function of energy. The decisive experimental results of

(44,45)

Barschall and coworkers , however, showed that the average



total cross section for low-energy neutrons, as a function of

(

energy, exhibited broadly spaced maxima 46) (sometimes referred
to as giant resonance) as predicted by Bethe's model. The
cross section as a function of A varied gradually but
significantly over a range which was attributed to a slowly

(46)

varying nuclear radius. Both these results were incom-

patible with the predictions of Bohr's model. Further, the

(47

work of Gugelot ) and others indicated that the average
differential cross section is in many cases forwardly peaked,
contrary to " the predictions of the Bohr model.

By this time, the 'Shell Model' had also established
its reputation in the interpretation of nuclear spectra and many
other experimental results. The compound nucleus had also been
very successful in explaining low-energy neutron resonances, and
evidence, such as long life-times of resonance states, etc., had
also appeared in support of the'Independence hypothesis.
Further, whereas the compound nucleus corresponded to a
completely absorbing nucleus, the real potential well had no
absorption. At this stage, Feshbach, Porter, and Weisskopf(46)
proposed a complex potential well (V = VO + iW) model to explain

(44’45) While the

the results of low-energy neutron reactions.
real part (Vo) of the complex potential could account for
elastic scattering (shape - see below), the imaginary part (W)
would represent any process which involved energy exchanges

between projectiles and the target nucleus. The latter part is

also sometimes referred to as 'Absorption' and includes all



non-elastic scattering events like inelastic scattering, compound
nucleus, direct interaction, etc. There 1is, however, a finite
probability that after absorption the incident particle may
re-emerge in the entrance channel and form part of the elastic
scattering. This part of elastic scattering is termed
Ycompound elastic scattering' and together with shape elastic
scattering (scattering due to real potential) represents the
total elastic scattering. It may be remarked that the real
potential (VO) is very similar to the shell model potential
except that a neutron with several MeV may not be expected to
face exactly the same potential which acts upon thé nucleus in
its ground state.

Although Feshbach et al.(%4%)

successfully interpreted
Barschall's data, they noted the necessity of 'rounding-off' the
corners of the discontinuous potential, as this gave too much
scattering and not enough absorption. Many more refined
potentials with surface thickness and spin-orbit coupling terms
have been introduced since then. These will be discussed in’
the Appendix in connection with calculations of cross sections
and transmission coefficients on the basis of the optical model.
1t may, however, be noted that, whereas the real part of the
potential Vodecreases with energy, the imaginary part increases
with energy.

This model,which is more commonly referred to as the

"Optical Model' because of its analogy to the passage of light

through a partly-absorbing medium, has been extremely successful



in describing elastic scattering as well as 'Absorption' (in

the sense described above) at low and at high energies. It
is, however, silent after that. In order to know more,

. (48-50) s
Weisskopf has suggested a three-step description of the

course of a nuclear reaction.

In the first stage, the incident particle approaches
the target nucleus, feels the influence of the nucleus as a
whole, which is represented by a complex potential [V(r)] and
gets deviated or absorbed. If deviated, distinct identities of
the target nucleus as well as the incident particle are retained
and the event is considered as elastic scattering. Absorption
of the particle, on the other hand, leads to the second stage of
the nuclear reaction. This is called an 'independent particle
stage' and can be represented by the optical model as the

incident beam is scattered or absorbed by the complex potential

well.

The second stage is called a '"Compound System' by
Weisskopf(48) and represents all systems after the particle has
been removed from the entrance channel. Fig. 1(47) illustrates

graphically what happens when a particle enters the nucleus and
collides with its constituents.

The nucleus is replaced by a potential well and the
nucleons move independently, except that Pauli's principle
prohibits the occupancy of the same quantum state by two
identical particles. The description of the various graphs is

as follows.



Figure 1

GRAPHIC REPRESENTATION OF WHAT HAPPENS
WHEN A PARTICLE ENTERS A NUCLEUS

(Reproduced from 'Physics Today'
Vol. 14, No. 7, July 1961)
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(1) The incident particle loses part of its energy by
lifting a nucleon to an excited state. It has been called
'direct inelastic scattering' because it involves only one
collision.

(2) The incident particle could set up excitations of
collective modes of a nucleus, e.g. surface vibration or
rotation, etc.

(3) The third graph represents an ‘exchange collision'.
The incident particle transfers enough energy to the struck
nucleon so that it could leave the nucleus while being trapped
itself.

(4) According to this graph, the incident particle lifts
a low-lying nucleon and loses so much of its energy that neither
of them are able to escape the nucleus. Further collision with
other nucleons would then distribute the kinetic energy of the
incident particle to many nucleons and a state of long life-time
is formed.' The decay of this state should then be possible
only after a number of collisions when, accidently, enough
energy gets concentrated on a particle. Such a decay should be
governed by well-known statistical probability rules as described
in conjunction with the strong interaction model.

(5) 1f, after a process as represented in (1) or (2), the
incident nucleon makes another collision (before getting out of
the nucleus completely), it may result in either nucleon not
having enough energy to escape, then again compound nucleus

formation would be possible.



1f we separate the emitting part of a nuclear reaction
from what happens within the nucleus in the stage described
above, it is easy to notice that this (third) stage is in many
ways similar to the independent particle stage in the time-
reversed direction. The interaction between the residual
nucleus and the emitted particle can again be represented by a
complex potential.

Fig. 2 describes these stages in a schematic way.

It is thus seen that the weak interaction model
indicates that the direct interaction process is a feature of
nuclear reactions at all energies. At the same time, it also
shows that in many cases the entire or part of the energy of the
incident particle is transferred to all the constituents of the
target nucieus,bforming a state of long life time, even longer

(49) As is evident,

than expected from strong interaction model.
the properties of the various events very much depend on the
collision site in the nucleus. This is particularly so for

charged particles because the potential barriers are much lower

in the surface region.

I-7. ISOMER RATIOS

I-7.1. Nuclear Isomers

After the completion of the particle emission stage in
a nuclear reaction, residual nuclei are left behind in a large
number of excited states. The excited nucleus gives up its
excitation by successive transitions, from a higher state to a

lower, until the ground state is reached. Generally, these



Figure 2

SCHEMATIC REPRESENTATION OF DIFFERENT
STAGES IN A NUCLEAR REACTION

(Reproduced from 'Physica’

Vol. 22, 952, 1956)
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gamma transitions take place in less than 3 x lO_ll seconds.(51)

This limit is imposed by the present state of electronic
detection equipment, although indirect measurements indicate

-13 _,,-16

that mean life-times of such transitions range from 10
seconds. Occasionally, however, some nuclides having an excited
state (close to the ground state) with a measurable half-life
are also observed. Such an excited state, which decays with
this characteristic ‘'delayed' transition, is termed an isomeric
state (or level), the transition itself being an isomeric
transition. It may be noted that, as the half-life of the
metastable state is long, this state could decay by any other
radioactive decay mode as well, such as pB-transition, electron
capture, etc. More than 250 isomers with half-lives ranging
from lO-11 seconds* to many years have been observed. Existence
of more than two isomeric states in the same nucleus has also
been observed in a few cases.

An explanation of isomerism was first proposed by
von WeiZSécker(Sz) in 1936. He suggested that a metastable
state could be the first excited state above the ground state
with an angular momentum quite different from that of the ground
state. By assigning a spin difference (AL = %) of few units

( ~~5) and energy difference (AE) of a few keV, he showed that

e

“The lower limit of life-times, particularly if the results of
indirect measurements are also included, eliminates the
distinction between a normal and an isomeric level. The
definition of an isomeric state in terms of 'measurable

half-1ife'! is in this context somewhat vague.



calculated half-lives of metastable states could be compared
with those observed. Expressions for gamma transition
probabilities, using the independent particle model, were

(53) In the shell model, this

derived by Blatt and Weisskopf.
condition is usually met by odd A nuclides, where the number of

neutrons or protons, whichever is odd, lies close to a 'magic'

number.

I-7.2. Angular Momentum and Isomer Ratios

Normally, both the ground and metastable state of a
nucleus should be expected to be formed in a nuclear reaction.
I1f one denotes the cross section for the formation of a high

and that of a low spin by o the ratio of

spin isomer by o L>

H

formation cross section GH/G usually called an isomer ratio,

1,°
represents the relative probability of formation of these two
states of the same nuclide. Formation cross sections are also
referred to in terms of metastable (om) and ground state (Gg).
Angular momentum like energy, parity, etc., must be
conserved in a nuclear reaction. It has been a conclusion of
discussions in the preceding sections that the compound nucleus
in conjunction with the statistical model is a fairly good
approximation for protons of energy of at least up to about
30 MeV. Accordingly, the total angular momentum of an inter-
mediate compound nucleus system is given by the vectorial
addition of target spin, intrinsic spin of the projectile and
the orbital angular momentum carried in by the projectile. The

presence of the centrifugal barrier, however, restricts the



amount of angular momentum of the particle entéring (or leaving)
the target. The compound nuclei are therefore formed in a
variety of spin states. The decay mode of an excited compound
nucleus will be determined by the amount of excitation energy.

If the excitation energy is greater than the separation energy

of the last neutron (or proton), it is quite reasonable to assume
that a neutron will be emitted. (Gamma competition is discussed
in Section I-3.)

Emission of a neutron will result in the new spin
distribution for the levels of the residual nucleus. If the
excitation energy is not sufficient for the evaporation of a
neutron, a cascade of photons will be emitted. The amount of
angular momentum carried away by each photon is determined by the
multipolarity of the gamma trangition. Thus each transition
will again result in a new spin distribution. The last gamma
ray 1is assumed to populate either low or high spin states of the
isomers, the well-known preference being for one requiring the
smallest change in the spin.

A point which leads to an important conclusion was
deliberately omitted from the previous paragraph. When an
excited nucleus decays either by particle or photon emission,
the probability of decay from an excited state of a certain
angular momentum Jc to an excited state of angular momentum J

f

is proportional to the density of levels of angular momentum J

(54-56)

£

This level density is given by the expression

~3 (3,4 1)12 52
P(I,E.) = P(OL,EL)(2T, + 1) e (10)



where P(O,Ef) density ‘0of levels of zero angular momentum, and

Ef

fl

excitation energy for the residual nucleus.
The quantity § is called the spin density parameter or spin
cut-off paramet:er.\)c As this parameter characterizes the spin
distribution, it is important to determine its value and
variation with energy. One achieves this task from isomer
ratio measurements by fitting the calculated values of isomer
ratios (based on the afore-mentioned principles) to those
determined experimentally.

Parameter S is also related to the nuclear moment of

inertia 'I' by the relation(54’55)

52 = It/ﬁ2 (11)

where 't' is termed as thermodynamic temperature (Lang and

LeCouteur, 1954(56)). According to the Fermi gas model
_ 1 2
I =1I_ =% MRA (12)

where Ir = 'rigid' body moment of inertia,

Mn = mass of a nucleon,

R = nuclear radius, and

A = mass number.

wSymbol 'o' is commonly used for spin cut-off parameter.

However, as the same symbol also represents cross section,
adoption of a different symbol was preferred in order to

avoid confusion.



A number of workers have determined the values of
effective nuclear moment of inertia through spin cut-off
parameter and equation (11). Invariably, the values of moment
of inertia thus determined correspond only to a fraction of the

57-62)  his

rigid body moment of inertia. (~0.3 - O.8)<
reduction of moment of inertia has usually been attributed to a
pairing interaction. According to this, particles (protons and
neutrons) in the nucleus tend to couple to form states of zero
angular momentum; and these pairs must be broken before they
can re-couple to form states of higher angular momentum.

The simple Fermi gas model should thus be modified to
take pairing interaction into account. Hurwitz and Bethe<65)
suggested that excitation energy should be measured from a
fictitious ground state corresponding to a surface with no pairing
or shell effects. Such a surface has usually been taken as the
odd-odd mass surface. Corrections for pairing are then applied
by subtracting pairing energies for even-even and odd mass
nuclides.

Two new approaches to the problem of pairing

(66)

interaction have recently been proposed by Lang and Lecouteur

(67)

and Lang. According to the first, which is referred to as
the independent pairing model, Lang and Lecouteur derive
expressions for 'level density', spin cut-off parameter,
effective excitation energy, etc., by assuming the nucleus as a

'Fermi gas with pairs of degenerate single particle states'. It

is termed an independent pairing model because pairing interactions



for a particular pair are assumed to be independent of all other
pairs. Although the equations are derived for deformed nucleil
with an axis of symmetry, Lang and Lecouteur suggest that the
treatment is roughly valid for spherical nuclei. One of the
attractive fegtures of the model is that the resulting formulae
are exactly the same when the pairing energy '2A' is made zero.
The second model (Lang(67) 1963) utilizes the Bardeen,

(68)

Cooper, and Schrieffer BCS) theory of the superconducting
state of a metal in the case of the nucleus. The interactions
between electrons of equal and opposite momentum in a metal are
replaced by nucleons, similar except for the projection of their
angular momenta on the symmetry axis. Expressions for

condensation energy, critical energy and temperature, spin cut-

off parameter, etc., are derived by Lang for energies similar to

those employed in this work. Vonach, Vandenbosch, and
Huizenga(69) applied it to the calculation of isomer ratio with
slight modifications. In this thesis, the approach is that
given by these authors. More details of these models, as those

required for the calculation, are given in Chapter V.

We have seen that an isomer ratio represents & net
result of changes in angular momentum at various stages of the
path of a nuclear reaction. With thg increase in energy of the
projectile (say protons) the average angular momentum of the
compound nucleus also increases. The emitted particles are
usually of low energy and thus carry only a small amount of

angular momentum. Dipole emission also constitutes a major



portion of gamma transitions (Section V-3.3). The angular
momentum removed at various steps of the de-excitation process
should therefore be relatively small. As the increase in average
angular momentum should favour population of higher spin states,
increase in the isomer ratio as a function of energy of the pro-
jectile should also be expected. The increase in angular
momentum (and consequently isomer ratio) should be particularly
steep if the projectile is a heavy ion, as these could bring a
large amount of angular momentum into the system. A number of
. . (57-64)
investigators have proved these arguments. If the proton
energy is increased beyond 40 MeV, the proportion of events
proceeding via the cascade-evaporation mechanism increases
significantly. This leads to only partial transfer of angular
momentum to the target-projectile system. Isomer ratios should
therefore be expected either to level off or decrease with energy.
Experimental data for isomer ratios for various

. . ‘ . (70)
nuclear reactions have recently been compiled by Wing.
Numerous other publications have appeared since then, but only

. . (57-64)

those of interest have been listed. Vandenbosch et

62 87m
al.( ) have measured isomer ratios for ’gY produced in

. . . . 85
various nuclear reactions. In two reactions, viz. Rb(c, 2n)

87 89 .
and Sr(d,2n) they produced Y as the compound nucleus. This
compound nucleus is also produced in the nuclear reactions studied
in this work. As the excitation energy region and measurement

procedures are also the same, it should be of interest to compare

the isomer ratios and the parameters required to fit calculated



8
values to the experimental ones for 7m,gY as produced by the
88. .
Sr(p,2n) reaction. Isomer ratios have also been measured for

88 85m

Sr(p,3n)86m’gY, 888r(p,4n) 8y and 888r(p,p3n)85m’g8r

nuclear reactions.

I-8. PRESENT WORK

The present work is a radiochemical study of nuclear
reactions induced in 88Sr by protons in the energy range 7 - 85
MeV. Various reasons for choosing such a system are:
1. Commercially* available enriched 88Sr (:) 99.8%) 1is
essentially mono-isotopic.

2. 88

r(p,xn) reactions yield a number of neutron-
deficient isotopes with reasonable half-lives. It is therefore
of interest to measure and compare the excitation functions of
these reactions over an energy range where the Compound Nucleus
mechanism slowly gives way to the Direct Iﬁteraction mechanism.
3. Nuclear reactions of the type (p,2pxn) are complicated
because the products of these reactions could also be formed by
[p,a(x-2)n] reactions. As the thresholds for the latter
reactions are very much lower than for the former, excitation
function curves with two peaks are expected. It should
therefore be of interest to observe such excitation functions; and
. the long half-lives of 84Rb and 83Rb (x = 3 and 4 respectively)
permit this to be conveniently realized. It is also of interest

to compare excitation functions for the (p,an) reaction with

these afore-mentioned excitation functions.

"0Obtained from Isotope Division, Oak Ridge National Laboratory.



4. Three pairs of isomers with x = 2, 3 and 4 are formed
in (p,xn) reactions. Another pair is produced by the (p,p3n)
reaction. Current studies of isomer ratios 1in nuclear reactions

are directed to the understanding of spin dependence in level
density. Available calculation procedures demand that the
nuclear reaction of interest should proceed by the cbmpound
nucleus mechanism. Isomer ratios for the (p,2n) reaction
should therefore be useful for such a task for proton energies
up to about 30 MeV. Isomer ratios for other nuclear reactions
should also be of qualitative interest as they should reflect
the effect of increasing percentage of direct interaction over
compound nuclear reactions vis-a-vis the expected increase of

isomer ratio due to increase in projectile energy.



IT. EXPERIMENTAL PROCEDURES

II-1. TARGET MATERIAL AND TIRRADIATION

The target material was a mixture of 'spec-pure'’
kS + i
copper oxide (CuC) and strontium nitrate [Sr(NO3)2], enriched
. 88 o . . . .
in Sr (:) 99.8%) . The isotopic analysis of two strontium

samples used in the present work, as provided by the supplier,

are shown in Table I.

Table T

ISOTOPIC ANALYSIS OF ENRICHED STRONTIUM SAMPLES

Sample No. 69(a) Sample No. 1370(a)
Lsotope
Atomic % Precision Atomic % Precision
84 « 0.01 - L o0.01 -
86 0.05 .01 0.05 -
87 0.13 0.05 0.11 +0.02
88 99.82 0.05 99.84 0.02

The isotopic analysis of both samples are nearly the
same and were considered mono-isotopic in mass '88' in this work.
Spectrographic analysis of impurities was also made available.
The impurities were very insignificant in amount and it was

estimated that none would interfere in this work. The copper

AN
o~

Obtained from Johnson, Matthey and Company.

+
Obtained from Isotope Division, Oak Ridge National Laboratory,
Oak Ridge, Tennessee, U.S.A.



in the mixture served to monitor the beam with the aid of
63Cu(p,n)632n (up to 15 MeV) or 65Cu(p,pn)64Cu nuclear reactions.
The mixture was prepared by intimately mixing the
accurately weighed amounts of these two compounds in a pestle
and mortar, in an approximate atomic ratio of Sr:Cu :: I:1.
Small amounts of the resulting mixture were analysed for copper
by EDTA titrations and the results indicated homogeneous mixing.
The densities of Cu0 and Sr(NO3)2 are 6.4 and 2.986 gm per cm3
respectively, and care was taken in loading fhe mixture into
aluminum tubes (see below) so that no desegregation occurred.
Aluminum tubing with an outside diameter of 0.0625"
and wall thickness of 0.0015"'"', supplied by Precision Tube
Company, Philadelphia, Pa., served as a container for the target.
The mixture (10-20 mg) was loaded into tared tubes (pinched shut
at one end) and the weight of the sample was determined by
weighing in a micro-balance. After the mixture was loaded, the
other end of the tube was also closed and both ends bent
diagonally. The aluminum tube was then rolled flat with the
help of a2 glass rod in order to make a thin and uniform target.
The energy degradation of the beam was checked by use of the
range-~energy relations of Sternheimer.(7l) For a target of
superficial density of about 70 mg per cm2 (as in the present
work), the energy of the beam was degraded by about 1.5 MeV for
protons of 7 MeV energy, about 1 MeV at 12 MeV (mean correction)
and correspondingly less at higher energies. This was within

+
the energy spread (-2 MeV) of the proton beam as reported in



this work.

The targets, prepared in this way, were fastened to an
aluminum target holder (Fig. 3) which was in turn screwed to the
cyclotron probe. The targets were then inserted in the
cyclotron '"dee'! at a fixed distance corresponding to the desired
bombardment energy. A recent calibration curve (Jan. 15, 1964)
of radial distance versus energy of the proton beam, as provided
by the Radiation Laboratory, was used for the purpose. The
durations of bombardments varied with the half-life of the
desired activity as well as the intensity of the proton beamn,

and ranged from 10 - 70 minutes.

II-2. CHEMICAL PROCEDURES

If the target is exposed to 85 MeV protons, one should
expect the isotopes of the following elements to be present:
yttrium, strontium, rubidium, krypton, bromine and probably
selenium as spallation products of strontium; zinc, copper,
nickel, cobalt, iron and probably manganese from copper; silicon
and almost all the elements below silicon in atomic number due
to aluminum, oxygen and nitrogen. Separation procedures for
the elements of interest, i.e. yttrium, strontium, rubidium,
copper and zinc (for bombardments up to 15 MeV) described in the
following pages, were designed after taking into account the
presence of these elements and also their half-lives.

Ion-exchange steps, where used, were based on the work

(72)

of Kraus and Nelson. Solvent extraction, used for yttrium,



Figure 3

ASSEMBLY OF TARGET AND TARGET HOLDER
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was an extension to a macro-scale level of Dyrssen and

1 (73) . ) .
Ekberg's work for carrier-free separation of yttrium from
strontium. Precipitation steps of rubidium tetraphenylborate
and rubidium chlorostannate (Rb SnCl6) were taken from Handley

2
<74) and Goeking et al.< ) respectively.

and Burros
In all cases, carriers (and consequently activities)
were recovered in the form of solutions (water or dilute acids),
so that 2 ml of these could be taken in a screw-cap glass vial
(15.5 mm 0.D. x 50 mm) for gamma-ray and positron activity
measurements. The same were also useful for making sources for
negatron measurements using a 4x-p proportional assembly.

(Section II-4, Radiation Detection and Measurement Procedures.)

I1-2.1. Dissolution of Target and Separation
into Elemental Fractions

After irradiation, the target was detached from the
target holder and transferred to a 40 ml centrifuge tube
containing known amounts of standard carriers in the form of
chlorides of elements of interest [yttrium 10 mg, strontiumw
10 mg (in addition to the known weight in the target, as this
was only 3 - 5 mg), rubidium ~ 20 mg, zinc ~ 10 mg]. The
target was dissolved by adding a small amount of HCl and a drop
of hydrogen peroxide. The solution was evaporated to dryness

and the residue taken up in a small amount of 9N HC1l (less than

ot
W

1 ml). The solution was next transferred to the anion-exchange

ala

Baker analysed reagent, Dowex-1 x-8, Mesh 100-200, Ionic
form --- 51, was the only anion-exchange resin used throughout
this work, and in all cases, an anion-exchange column, pre-
equilibrated with the same solution in which the ions to be

separated were taken up, was used.



column which had been pre-equilibrated with 9N HCL. The
dimensions of the column were about 16 cm long and 8 mm I.D. for
irradiations with protons of energies less than 27 MeV. At
higher energies the size of the column was, however, reduced to
8 cm in length with the same I.D., as short half-lives were
involved. The centrifuge tube was rinsed twice with 0.5 ml
portions of SN HC1l and the washings added to the column. There-
after, the elution of the column was continued with 9N HC1l and
the eluates collected (after rejecting an amount corresponding
to the free volume of the column) in about 7 ml. The eluate at
this stage contained yttrium, aluminum, strontium, rubidium,
sodium, nickel and beryllium as elements of importance while
copper and zinc, besides a host of other unwanted impurities;
remained adsorbed on the column. The column was kept for a
later recovery of copper and separation of other activites
proceeded. If, however, 63Zn was to be used as a monitor, zinc
was eluted at this stage. Further details regarding the
separation of copper and zinc are given below.

The eluate containing yttrium, etc., was evaporated
to near-dryness to expel excess acid. The residue was dissolved
in about 10 ml of 'boiled out' demineralized water and yttrium
hydroxide precipitated by adding an excess of COz-free sodium
hydroxide. The time of separation of strontium and rubidium
activities from yttrium was noted at this stage. After being
centrifuged, the supernate was decanted into another centrifuge

tube and the precipitate of yttrium hydroxide left for



purification at a later stage. The supernate was quickly
scavenged twice with ferric hydroxide to reduce contamination
due to yttrium. Strontium carbonate was precipitated from the
supernate by adding a few drops of saturated sodium carbonate
solution, stirring, warming and cooling. The time of separation
of rubidium from strontium was also noted at this stage. After
centrifugation, strontium carbonate was left for later treatment
while the supernate was scavenged by a combined precipitation of
yittrium and strontium carbonates. The supernate was next
neutralized with dilute HCl to a phenolphthalein end-point and
the precipitate of aluminum hydroxide removed again by centri-
fugation. The supernate of the last stage was preserved for a
later recovery of rubidium (after about two weeks) as only

relatively long-lived isotopes of rubidium were concerned.

II-2.2. Purification of Individual
Elemental Fractions

Yttrium: The precipitate of yttrium hydroxide was

washed with demineralized water containing enough sodium
hydroxide to prevent precipitation of aluminum; dissolved in a

small amount of dilute HNO3 and evaporated to dryness. The

residue was transferred to a separatory funnel with 20 ml of

0.1N HN03 and shaken with 20 ml of alcohol-free chloroform

Y.

containing 1 ml of dibutyl phosphateh for three minutes. The

organic phase was transferred to a second separatory funnel and

A
v

"Eastman Organic Chemicals. Technical: 55% dibutyl phosphate

and 457 monobutyl phosphate.
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washed with another 2C ml of 0.1N HNO3 by shaking for one minute.
The organic phase was again transferred to a third separatory
funnel, 1 ml of methyl isobutyl carbinol (4-methyl-2-pentanol)
added and yttrium back-extracted into the aqueous phase by
shaking with 20 ml of 1IN HNO3 for three minutes. The aqueous
phase was again shaken for one minute with another 20 ml of
alcohol-free chloroform containing 1 ml of methyl isobutyl
carbinol to minimize any trace of organic phosphates in the
aqueous phase. The aqueous phase was then boiled to expel
volatile organic material.

The metastable states of 87Y and 86Y nuclides have

Y-rays very similar in energy to those of 87er and 85mS

T
respectively. The growth of the strontium activities from the
parent yttrium activities therefore_interfered in the measure-
ments of afore-mentioned yttrium nuclides. This difficulty was
avoided by separating the daughter strontium activities from the
yttrium sample, by a 'milking' experiment, and performing y-ray
measurements (on the yttrium fraction) as quickly as possible.
The milking experiment was performed as follows:-

fter the solution of yttrium was boiled to expel the
organic matter about 5 mg of strontium hold-back carrier was
added and yttrium hydroxide precipitated with 1:1 ammonia. The
solution was centrifuged, decanted and washed with 10 ml of
demineralized water. Yttrium hydroxide was dissolved in a small
amount of dilute HNO3, the solution diluted and 2 ml of this

solution was taken-for activity measurements. The entire



procedure till activity measurements required 6 - 9 minutes.

This procedure was repeated, at least four times at appropriate
intervals, to get points for decay curve analysis of the nuclide
of interest at each bombarding energy. Chemical yields were

determined for all individual samples.

Strontium: Strontium carbonate, obtained during the
general separation, was washed with 2 ml of water (containing a
drop of sodium carbonate) and the supernate discarded after
centrifugation. The precipitate was dissolved in a few drops

of dilute HNO a few mg each of rubidium and yttrium hold-back

3
carriers added and strontium nitrate precipated by adding about
12 m1 of cold fuming nitric acid. The mixture was allowed to
stand for about 5 minutes in an ice bath, where-after it was
centrifuged, decanted and the precipitate washed with 2 ml of
cold fuming nitric acid. Strontium nitrate was dissolved in
about 10 ml of demineralized water and the solution scavenged
three times by precipitating a few mg of iron as ferric
hydroxide. Strontium oxalate was next precipitated by adding a
few drops of saturated oxalic acid and dilute ammonia. The
precipitate was again dissolved in a few drops of dilute HNO3
and strontium nitrate precipitated as before. Strontium
nitrate was washed twice with 2 ml of cold fuming nitric acid in
the last step.

Strontium nitrate was then dissolved in water, made up

to volume and an aliquot transferred to the vial for activity

measurements.



Rubidium: The supernate of rubidium, as obtained
during the general separation procedure, was reduced to a small
volume by evaporation and then to complete dryness after adding
a small amoun~ of concentrated HNO3 to decompose any ammonium
salts (produced by atmospheric ammonia - if any).

The residue was taken up in 10 ml of 1M HCLl sclution

and cocled in an ice bath. Four ml of the refrigerated sodium

Lo
[AY

tetraphenylborate reagent were added, dropwise and with
constant stirring. The mixture was allowed to stand in an ice
bath for ten minutes with occasional stirring. The mixture was
centrifuged, the supernate discarded, and the precipitate washed
with 5 ml of cold water.

The precipitate of rubidium tetraphenylborate was
dissolved in acetone (1-2 ml) and a similar amount of acetone
added. About 10 ml of 50% (vol/vol) solution of concentrated
HC1l in ethanol was added to this solution and rubidium chloro-
stannate precipitated by adding 4 ml of saturated stannic
chloride (SnClé) in 50% concentrated HC1 in ethanol solution.

The solution was well stirred to ensure the completion of

WThe reagent was prepared and stored as described by Handley and
(74)

Burros. Four gm of the reagent and 1 gm of aluminum
chloride hexahydrate were dissolved in 100 ml of demineralized
water. The solution was made just alkaline with phenol-
phthalein indicator and dilute sodium hydroxide ( v 6N),
allowed to stand overnight and filtered. The filtrate was
diluted to 200 ml and stored in a refrigerator. No

decomposition was noted for a couple of months when the

solution was used.



precipitate. The mixture was centrifuged, the supernate
discarded and the precipitate washed twice with 3 ml (each) of
50% HCl-ethanol mixture.

The precipitate of rubidium chlorostannate was
dissolved in warm 3N HCl solution and passed through a pre-
equilibrated anion-exchange column (about 12 cm in length and
8 mm I.D.). Rubidium passed through the column and was
ccllected in the eluate with 3N HC1l, while tin remained adsorbed
on the column.

The rubidium chloride solution was evaporated to
dryness to expel the acid. The residue was dissolved in about
2.5-3 ml of demineralized water and sucked into a long
capillary-mouthed polythene bottle (total capacity about 10 ml).
Duplicate sources for 4n-p measurements were prepared from this
solution by using a semi-micro balance. Two ml of the solution
(also weighed) were taken for y-ray measurements in a screw-cap
vial. After the 7-ray measurements were completed, the contents
of the vial were used for chemical yield determinations.

Zinc: As mentioned previously, zinc carrier was added
for the low-energy bombardments (up to 15 MeV) when the
63 . , 63 . .

Cu(p,n) “Zn reaction served to monitor the proton beam. The
ion~exchange column,from the general separation scheme, was
washed with O.15N HCLI. Most of the elements including copper
are removed while zinc is still strongly adsorbed on the column.
Zinc was then eluted with <:0.01N HCl, made up to volume and

2 ml of the solution were taken in a vial for activity

measurements.



Copper: Copper, adsorbed on the ion-exchange colunmn,
was washed with 4.5N HC1l to elute cobalt till the copper band
was slightly above the bottom of the column. For a long column
(used for irradiations below 27 MeV) this required more than
20 ml of 4.5N HCL. The eluate was then changed to 1.5N HCl and
the copper band collected in the smallest amount of eluate. The
copper eluate was dried under an infra-red lamp and the residue
dissolved in slightly more than 2 ml of water, of which 2 ml was
pipetted into the counting vial.

If, however, a small ion-exchange column was used (for
irradiations above 27 MeV), the dry residue (as obtained in the
last stage) was taken up in 1 ml of 4.5 N HCLl and transferred to
a pre-equilibrated anion-exchange column. The centrifuge tube
was rinsed twice with 0.5 ml of 4.5N HCl and the washings trans-
ferred to the column. Washings were continued with 4.5N HC1
and the procedure repeated as in the previous paragraph.

It may be remarked that the activity of the copper
samples was measured about 36 hours after the end of irradiation
to allow for the decay of 3.3 hr 61Cu formed by the

6 6
BCU(P,PZH) lCu or 5Cu(p,plm)6lCu reactions.

IT-3. CHEMICAL YIELDS

The chemical yields were determined by known standard
analytical procedures and the following were adopted.

Yttrium: The chemical yield was determined by
measuring the absorbance of a complex formed by yttrium and

sodium alizarine sulphonate in an acetate-buffered solution as

6
described by Sandell.(7 ) A Beckman spectrophotometer (Model DU)



and standard 1 cm cells were used. A standard absorbance curve
is shown in Fig. 4.

Strontium: The chemical yield for this element was
determined by direct titration with ethylene-diamine tetra-acetic
acid (disodium salt) using phthalein-complexone as an indicator,

. (77)
as described by Welcher.
Rubidium: The well-known precipitation procedure
. 2 3 . [of . (78)
using chloroplatinic acid reagent (10%) as given by Vogel

(for potassium) was used for the determination of the chemical

yvield of this element.

Copper: Direct titration with EDTA using murexide as
- (79) |
an indicator,as given by Welcher , was adopted.
Zinc: Direct titration with EDTA using eriochrome
; e . (80)
Black T as an indicator, as described by Welcher , was used

for this element.

II-4. RADIATION DETECTION AND
MEASUREMENT PROCEDURES

‘The neutron-deficient nuclides concerned in this work
decayed by positron emission and/or electron capture processes.
For those nuclides decaying predominantly by electron capture
process, it was convenient to follow the gamma rays of the
excited states of the daughter products using scintillation
detectors in conjunction with pulse height analysers. Some
other nuclides had a reasonable percentage of positron branching
ratio ( :>30%) and a coincident technique for the annihilation

gamma rays of 0.511 MeV was preferred for them. A single
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nuclide, ORb, produced as a result of the St(p,2pn) reaction,

decayed by negatron emission and was assayed with a 4xn-8

proportional counter.

II-4.1. 4x-8 Counting

Pate and Yaffe(81—85>

have systematically studied the
various aspects of this technique for measuring B-activities.
The method comes closest to the ideal of recording one event for
each disintegration. The particle detection efficiencies for
both Geiger as well as proportional counters are close to 100%
and the problems connected with scattering do not exist in this
set-up. The decay schemes are unimportant so long as events
following particle emission (like gamma emission, internal
conversion, etc.) take place within the resolving time of the
counter. A knowledge of the decay scheme 1is, however, required
for measuring internal conversion electrons due to isomeric
transitions and for making corrections for self-absorption and
source-mount absorption (see below) corresponding to the energy
and branching ratios of various R-components. The following
corrections are necessary.
(i) Correction due to background.
(1i1i) Correction due to resolution losses.

(1i1i) Correction due to absorption in the source-mount.

(iv) Correction due to absorption in the source-material
itself.
Procedure: A flow-type proportional counter, using methane

gas (C.P.) at atmospheric pressure, was used in this work. This



@

‘according to the prescription of Pate and Yaffe.

assembly was similar to that described by Pate and Yaffe.(sz)

The counter chamber and a block diagram of the entire counting
assembly are shown in Figs. 5 and 6 respectively. The figures
are self—egplanatory and any further details may be obtained
from the cited reference. The proportional counter has the
advantage of having short resolving times ( v 1-2 psec),
permitting high counting rates without resorting to corrections
due to resolution losses.

Radioactive sources were mounted on VYNS (a copolymer
of polyvinyl chloride and polyvinyl acetate) films, made
(81) These
films had a superficial density of about 10 - 15 ugm per cm2 and
and were rendered conducting by depositing a thin layer of gold
(5- 10 pgm per cmz) in vacuum. Just before use, the central

portion (about 1 cm in diameter) of the film was treated with a

few drops of 0.1% insulin solution to make it hydrophilic.

Most of the insulin was removed and the treated part was washed

several times with distilled water. An aliquot of the solution
of rubidium activities was then added to the film, and was dried
slowly under the infra-red lamp. During the evaporation
process the film was rotated by hand occasionally to keep the
entire area wet till it was completely dry.

The source, thus prepared, was inserted in a groove,
between the two halves of fhe counting chamber. The counter gas
flushed the counter for several minutes before the count began

and was adjusted to a slow flow. A suitable polarization
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Figure 5

A SCHEMATIC DIAGRAM OF THE 4x-COUNTING CHAMBER
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Figure 6

BLOCK DIAGRAM OF THE &4n-COUNTING ASSEMBLY
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‘potential (2700 volts) and a discriminator bias (15 volts)’were
chosen from the plateau and bias curves. The counting time and
aliquot size of the source were adjusted to record at least ten
thousand counts to reduce statistical errors.

Source-mount and self-absorption corrections, as

required for the nuclide concerned, are dealt with in the

'Treatment of Data'.

II-4.2. Gamma-Ray Measurements

For gamma-ray measurements, scintillation spectrometry,
‘using thallium activated-sodium iodide crystal [NaI(Tl)] as a
detector, is most widely used. This was also employed in the
present work.

Equipment: Part of the work was done with a
commercially available (Harshaw Chemical Company) thallium
activated-sodium iodide crystal (3" x 3''), hermetically sealed
in an aluminum can and optically coupled £o a Dumont '6364'
photomultiplier. The latter was shielded from magnetic fields
by a mu-metal shield, and the detection assembly was shielded by .
a 1.5'"" thick cylindrical lead housing. The lead shielding was
lined with 0.25"'"" iron and 0.125"' 1ﬁc£te to attenuate fluorescent
X-rays from lead. To facilitate different geometrical arrange-
ments for the sample-detector syétem, a lucite sample positioning
fack was attached to the cgystal. The detector and shielding
are shown in Fig. 7.>

High voltage (1100 volts) necessary for the operation

of the photomultiplier tube was obtained from a Baird-Atomic

b
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Figure 7

- NaI(T1) DETECTOR, PHOTOMULTIPLIER TUBE, SHIELDING

AND SOURCE POSITIONING RACK
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(Model 318) stabilize& pbwer supply. The output from the
photomultiplier tube was fed to a‘pre-amplifier (Hamner
Electronics Limited - Model N-351) which in turn fed a variable
gain non-overloading linear amplifier (Baird-Atomic, Model 215).
These amplified pulses were passed on to a 100-channel pulse
height #nalyser (Computing Devices of Canada Limited, Model
AEP-2236) through a cathode follower. The analysér had a
magnetic core memory from which the data could be displayed on a
cathode ray tube or recorded oﬁ a Westronic recorder (Model 2705)
which accepted the analog signals. The analog signals could
also be converted to decimal form by a decimal scaler (C.D.C.
type 450) and the print-out taken on a Victor digit-matic printer
(c.D.C. type 460).

The dead timé of the counter varied from 35 pseé to
135 psec d;pending on the pulse height.. These dead time losses
did not distort the spectrum but only the over-all amplitude was"
reduced. The pulse height analyser was equipped with a cali-
brated micro-ammeter which indicated the percentage resolution
losses directl&. A block diagram of the entire assehbly is
shown in Fig. 8. |

Analysis of gamma-ray spectra: Gamma-rays interact

with matter in the following ways.

Photoelectric effect: In this process, a photon of
energy (E = hV ) ejects a bound electron (binding energy B) from
an atom or a molecule with kinetic energy'(h$ - B).. The

phenomenon is most importanf at low energies and iﬁ heavy
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Figure 8

BLOCK DIAGRAM OF 100-CHANNEL PULSE-HEIGHT

~ "ANALYSER ASSEMBLY
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elements. In fhe'NaI(Tl) crystal, therefore, most of the

events take place with iodine, broducing photo-electrons and
X-rays from residual.nuélei. Absorption of both photo-electrons
as well as i-rays within the crystal produces a pulse of maximum
height.

Compton effect: 1In this process, only a part of the

incident gamma-ray energy is transferred to the electron while
the remainder is left as the energy of the scattered photon.
Compton scattering also decreases with energy.

The scattered photons may either escape the crystal or
further interact with the absorber. A series of Compton
processeé, followed by a photo-electric event with absorption of
both X-ray and photo-electron is again reéorded as a pulse of
maximum height by the detector.

Pair.production: A gamma ray, with eﬁergy greater than

1.02 MeV, could create a positron and an electron pair, the sum
of kinetic energies of which equals (E - 1.02 MeV). Annihilation
of a positron, at the end of its path, again produces two gamma
quanta of 0.511 MeV and at 180° to each other. -Absorption of
both these gamma quanta by photo-elect;ic events or a combination
of processes mentioned above will again result in theacdmplete
absorption of gamma-ray energy within the crystal and thus be
recorded as a full energy event.

The atomic cross section for pair prbduction increases
with the energy of the gamma-ray. |

Thus the result of either process is a transfer of
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gamma-ray energy to the electromns, which in turn produce a
proportional number of light photons. These light photons
strike the photocathode of the photomultiplier tube, producing
a corresponding number of‘photo-electrons. These photo-
electrons are multiplied By the dynodes of the photomultiplier
tube. Owing to the statistical uncertainty associated with the
latter process, the output pﬁlses'corresponding to mono-energetic
gamma-rays show statistical‘fluctuations. This results in the
formation of peaks which are nearly Gaussian in distribution.
These peaks are more commonly referred to as 'photopeaks',
althoﬁgh any one process or any combination of the processes
ment ioned gbove could lead to complete absorption of gamma-ray
energy.within.the crystal.v The ability of a given detector
system to fesqlve two peaks.is described in terms of its
'resolution' which is defined as a ratio of 'full width at half
maximum of a photopeak tovthe position of peak mid-point',
expressed in percent. The phofopeak corresponding to the 661 keV
gamma-ray due to 13703 is usually referred to as a standard and
the resolution, for the detector system described-above, was
found to be 12.8%. A number of spectra, obtained with the
assembly described above, are shown in Figs. 9 - 11.

Photopeaks are normally used to identify and measure'
the gamma-rays. As implied in the abové discussion, only a
fraction 6f gamma-rays striking the crystal lose all of their
energy in the NaI(Tl) crystal and thus contribute to photopeaks.

This fraction is known as 'intrinsic photopeak efficiency’'.
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Figure 9

GAMMA-RAY SPECTRA oF Sy anp 38y

(a) Gamma-ray spectrum of separated yttrium sample taken
135 days after bombardment at 33 MeV,

0.9 MeV and 1.84 MeV gamma rays are due to 105-day

88Y.

(b) Gamma-ray spectrum of separated yttrium activities

taken 89 minutes after bombardments at 54 MeV,
0.208 MeV peak is due to 86mY, '

0.38 MeV 'edge' is due to 87mY and 87er, and

the large peak at 0.51 MeV is due to 878Y and

annihilation gamma rays of 863Y}

Estimated backgrOund is indicated by dotted lines.
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Figure 10

GAMMA-RAY SPECTRA OF °°Rb, °“Rb AND °CRb

(a) Gamma-ray spectrum of separated rubidium activities

taken 9.6 days after bombardment at 85 MeV,

composite peak at 0.51 MeV is due to 83Rb'and

annihilation gamma rays due to 84Rb
0.88 MeV peak is due to 84-Rb, while

1.08 MeV peak is due to 86Rb.

?

(v) 0.88.MeV and 1.08 MeV gamma rays of the same

sample (a) shown on an increased scale.

Dotted lines indicate the estimated background.
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Figure 11

GAMMA-RAY SPECTRA OF °°%sr AND °)8gr

(a) Gamma-ray spectrum of separated strontium activities

taken 197 minutes after bombardment at 48 MeV,

0.23 MeV peak is due to S %gy,
0.388 MeV peak is due to 87er, and

0.51 MeV peak (small) is due toA8sgSr.

(b) Same sample as in (a) recorded after 42 days for 85gSr.-

Estimated background is indicated by dotted lines.
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These intrinsic photopeak efficiencies have been determined by a

number of workers.(86-88)\

However, experimental over-all photo-
peak efficiencies determined by using a number of standard
sources covering a useful range of gamma-ray energies (30 keV to
3 MeV) by a group of workers(sg) in this Laboratory were used in
the present work.

| Gamma-ray spectra of various activities measured in
this work, together with the procedure used in the estimation of
the background under each photopeak and the conversion of fhe
photopeak area to the disiﬁtegration rate, are described under
'Treatment of Data'.

It has been stated that the fgsolution of the above-
described detector system was foun& to be 12.87%. The
measurements of 87Y were’rendered'difficult because of super-
position of parts of the photopeaks due to the 0.39 MeV and 0.48
MeV gamma rays. It was therefore decided to use a different
detector. An 'Integral Line' detector assembly (12512; Serial
No. 554, Harshaw Chemical Compan&) with a resolution of less than
8% guaranteed by the manufacturer and checked by the author as
. close to 7.5% for the 661 keV gamma ray due to 13708 was used.
Typical spectra at two different times after the end of the
bombardment time are shown in Fig. 12

The output from the Integ;al Line detector was fed
into a RIDL pre-amplifier (Model 31-15) which was passed on to
an amplifier and 400-channel Pulse Height Analyser (RIDL Model

34-12B).  High voltage (1020 volts) was also provided by a
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Figure 12

GAMMA-RAY SPECTRA OF °'™y anp 578y

Gamma-ray spectra of separated yttrium sample, taken
(a) 31.5 hours and (b) 62.5 hours respectively,

after bombardment at 21 MeV,
87

0.38 MeV peak is due to 87my and ‘er, and

0.48 MeV peak is due to 878Y.

" Spectra taken using 'Integral Line' detector assembly

with 7.5% resolution.



0.38 MeV (@)

~-66a-

()

0.48 MeV
0.48 MeV

0.58 MeV
|
|
!
|
|

(satun AxexlTqay) ALISNAINI AATILVIAY

80

60
CHANNEL NUMBER

20




O ‘stabilized power supply from the pulse height analyser unit.
The data stored in the pulse height analyser were printed on a

Digital Recorder(Model H 43562 A, Hewlett-Packard).

II-4.3. Positron Measurements

A positron, at the end of its path, combines with an
electron, both of which annihilatelby releasing two gamma quanta
of 511 keV and at 180° to each other. If two detectors,such

~as NaI(Tl) scintillation phosphors, are placed in a line on each
side of the source and their output gated to accept only 511l-keV
pulses in coincidence, then the positron emission rate can be
determined. The main advantage of such a technique is fhat‘it
‘discriminates, fairly well, against all other types of radiations.
The rare accidental coincidences could be corrected by placing a
third detectbr, under identical conditions but at 90° to them,
and‘coupling it for coincidence t&‘either of these detectors.

Eguigment: Harshaw 'Integral Line' assemblies of 686
type, in which the NaI(T1l) crystal (1.5“ x 1.5") and a matching
photomultiplier tube are encapsulaéed in a single light-tight
housing with an aluminum entrance window, constituted the

¢ detectors for the system. These units were plugged into
cathode-follower preamplifiers designed by Mr. Heinstein of the
Radiation Laboratory, McGill University. The output from each
photomultiplier was fed into a linear amplifier (Cosmic*'Model

901) which could operate at high counting rates without

* .
Q Cosmic Radiation Laboratories, Inc., Bellport, N.Y., U.S.A.



distortion and provide suitably shaped signals for operation
with a multiple coincident unit (Cosmic Model 801). The latter
contains fast-slow coincidence circuits with single channel
»analysers to impose ampiitude restrictions in the slow circuits.
The coincident outputs from the multiple coincident unit were
recorded on Marconi Scalers. (AEP-908). High voltages for the
180° detectors were obtained from a Victoreen régulated high
voltagé power supply (Model-683) while the detector placed at
90° was supplied by another high voltage power supply (Model
400 BDA, John .Fluke and Co., Seattle, Washington). Power
requirements for the preamplifiers were met byaﬁLamhda‘regulated
power supply (Model-25) while those for the multiple coincidenf
unit were supplied by the unit itself. All other units were
supplied by the line voltage-regulated power supply. Blpck
diagrams 13 and‘14 show the‘assembly and coincident conditionslv’
The sample (vial) holder was made by drilling a small
hole (~~1 mm in depth) in a lucite block.which was mounted on
another holder, itself fixed'(firmly) on a smooth bench. The
sample vialﬁwés:closely surfoﬁnded by a copper tube, sufficiently
thick to stop all positrons up . to 3 MeV én energy.  The
detectors, required to be At‘1a0°; were placed on either side of
the sample on the bench and the detector at 90° was placed on a
-similar bench (cut‘fromAthe same piece) at right angles to the
other benqh) Alllthetfhree detectors were of the same shape as
well as height and 'saw' the radioactive source identically.

Resolution of all the crystals was approximatély 10% for the
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Figure 13

BLOCK DIAGRAM FOR THE ANNIHILATION

"COINCIDENCE ASSEMBLY
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Figure 14

BLOCK DIAGRAM OF THE 'FAST-SLOW'

COINCIDENCE ARRANGEMENT(QO)
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661 keV gamma ray due to 137Cs.

Calculation and Working Procedure: In order to measure

absolute positron emission rates in the samples, a knowledge of
the efficiency of the detection system is required. This was
obtained as follows, using a 22Na sample whose activity had been
determined with the 4x«B counter.

The detectors were arranged at a fixed distance of 3'!'
(see below) from the centre of the source to avoid any confusion
or delay in adjustments. High voltages between 1050 to 1075
volts were applieé to the photomultiélier tubes. The windew of
each pulse height analyéef was adjusted to admit pulses falling
in the entire-photOpeak of the 511 keV gamma ray. The
discriminator was next biased to a value slighly lower than the
base line in order to cut down a large number of unwanted pulses
corresponding to low-energy signals and noise in the coincidence
circuit. Coincidence conditions were then imposed fér the
crystals at 180° to each other and either of the 180° crystals
and a 90° crystal, as shown in the block diagrams (Figs. 13 and
14). Coincidence counts corresponding to the standard source
bf 22Na were determined before»measuring other samplés. It may
be noted that the standard and the samples were prepared in the
same way.

The measurements of coincidence data in this vay may,
however, be affected by the following factors.

(1) There is a chance of recording coincident pulses between

an annihilation gamma ray and a nuclear gamma ray, and between



nuclear gamma rays themselves. The probability of recording a
coincidence between nuclear gamma rays is the same regardless if
the crystals are at 180° or at 90° to each other. However, the
probability of recording a coincidence between a nuclear gamma
ray and an annihilation gamma ray is somewhat less for crystals.
at 180o than when the crystals are at 90° to each other
(particularly so when our crystals are small in size). The
background, recorded for crystals at 90° to each other, never
exceeded more than 5% of the recorded coincident pulses for

_ crystals at 180° in the wbrst cases in this work. No further
correction to this background was therefore thodght necessary
and the background was subtracted from the coincident pulses

(at 1800) iﬁ'a straightforward manner.

(2) Another‘problem~arises due to 'summing effects' which
occuf when two gamma rays strike the crystal within the resolving
time of the detector. This is particularly seriousrwhen low-
energy gamma rays, which are detected with high efficiency, are
also involved. Addition of a nuclear gamma-ray pulse to an
annihilation photopeak event will likely cause this pulse not to --
fall within the energy limits of the pulse height window and
coincident records will be lower. Similarly‘summing of a low-
energy gamma ray with Compton spectrum of 511 keV annihilation
ray may cause this pulse to produce events which fall within the
window for the 511 keV gamma ray and thus adé to the coincident
records. Thé‘summing effeﬁt could be reduced by increasing the

gsource-detector distance and.its optimum value (between detection



rates and summing effects) was determined from the experimental

measurements of the activities of 86Y; 22Na, and %3zn for
different source-detector distances. While 86Y has many
22

coincident gamma rays (Figs. 16 and 17), Na has one (100%)
gamma ray in coincidence with positrons and 63Zn has even less
coincident gamma-ray activity. It was found that for a source-
detector distance of 3" and up, the ratio of the activities of
.86Y/22Na and 22Na/632n was nearly constant. This indicated
that the summing effect could be neglected after this source-

detector distance, and a distance of 3" was selected in this

work.

A



O\ . "~ III. TREATMENT OF DATA

In this chapter, we will discuss the conversion‘of
) gross data obtained from various activity measurements into
absolute disintegration rates, procedures employed for decay
curve analysis,.corrections for growth and finally a calculation

for the cross section for the independent formation of nuclides.

ITII-1. ABSOLUTE DISINTEGRATION RATES

"The corrections necessary to transform a counting rate
into a disintegration rate are dependent on the assembly used

for the measurement and are described accordingly.

III-1.1. 45x-B Counting Data

The éamples measured on this assembly contained
relatively long-lived activities of 83Rb, 84Rb, and 86Rb. 0f
these, 4n-data were used to extract the results for 8T6Rb only.

. Corrections for source-mount and self-absbrption were therefore
required, corresponding to energies for different B-components
of this nuclide. Maximum energies for the B-spectra of the two
components of 86Rb(92) are 1.78 MeV (912) and 0.7 MeV (9%). The
source-mount absorption for the films used (20 - 25 ug/cmz) was
foundvto be negligible for these end-point energies.(SB) The
sources were estimated to be about 200 ug per cm2 in thickness
and B-particleé with € ma# = 1.78 MeV willAhave negligible

absorption while the PB-component with € nax = 0+7 MeV will have

Q a self-absorptiOn(93) of about 0.94. The over-all



self-absorption factor (when branching ratios are also taken
into account) corresponds to about 0.995 and a factor of 0.99
was used in this work.

Absolute disintegration rates (D) were then obtained

by using the expression

C.R. 100 ' - _
0.99 *c.y. * F (13)

D

where C.R. = counting rate,

L |
[}

dilution factor, and

C.Y. = chemical yield in percent.

II1-1.2. Gamma-Ray Measurement Data

Gamma-ray spectra of various activities measured in
this work are shown_in Figs. 9-12,  The difficulty in estimatingv
the background stems from the fac; that photOpeaks due to lowef‘\
energy gaﬁma rays are situated 96 the Compton distributions for.

the higher energy gamma rays. Lazar(94)

and Heath(gsyfhave
suggested a method by which the kno&n shape of the pulse height
distribution of the highest energy gamma ray is subtracted from
the entire spectrum., The process is repeated for the next
highest gamma ray until all the componénts are analysed. The
process, however, is very tedious when applied to a number of
spectra.

The procedure foilowed‘by us was to draw the background

by hand in a way which was similar to that adopted in determining

the efficiencies. The estimated background, as shown in the



C various spectra (Figs. 9-12), was then subtractéd from the total
area under each photopeak obtained as counts in all the channels
comprising the photopeak. In some cases the photopeak was
situated on a background with a steep slope (Figs. 9b and 1la)
and the errors involvediin‘estimating the baékground were
consequently high.

After the areas under each photopeak were calculated,
absolute disintegration rates for the corresponding measurements

were determined by using the expression

= P 100 1 - 100 100
D E, * T100- %) * A * Fx (1+4a,)xg3 x5y, (14)
where Ap = the area of the photopeak in terms of counts,

E_ = overall photopeak efficiency for a particular

. gamma-ray energy and source position,
AR = resolution loss in percent,
At = duration for the measurement, usually in minutes,

F = dilution factor,

Q<
]

T total conversion coefficient,
B.R. = branching ratio for the observed decay mode
in percent,
C.Y. = chemical yield in percent.

The branching ratios and conversion coefficients were

(92)

taken from Nuclear Data Sheets or from more recent literature.

III-1.3. Positron Measurement Data

As mentioned before, no corrections were applied to

Q positron measurement data except for the normal subtraction of



the background. The disintegration‘rates were then obtained

from the expression

100 ’x 100
C.Y. B.R.

D=C.R. xF x (15)

III-2. DECAY CURVE ANALYSIS

Generally, eacﬂ sebarafed element contained more than
.one isotope, depending upon the energy of bombardment. Data
obtained by bositron méasﬁreménts or from 4xn-B prOpqrtional
counter measurements, therefore, usually‘represented a case of
multi-componeﬁt decay. . In some cases, however, it was posgible
to measure gamma rays of a characteristic energy with a
scintillation crystal in conjunction with a pulse height
analyser (Figs. 9-12), which corresponded to the decay of a single’
radioactive speciés. | |

The multi-component disintegration rates,.due to
independently decaying species, were resolved into constituent
components by a Least Squares Analysis Computer'Program*. The
same program was also utilized when growth and;decay 6f the
.ground state of an isomeric nuclide (metastable state decaying
completely to the ground state) was analysed by measuriﬁg a
radiation due to the ground state. Disintegrétion rates were

finally obtained for times at the end of bombardment (Do) or at

*'CLSQ,'the Brookhaven Decay Curve Analysis Program' by
J.B. Cumming (BNL-6470) was Slightly modified for adoption to
Fortran 1V CQdes and a 7044 computer available at McGill
University. ‘ 1



chemical separation (D).

III-3. CORRECTIONS FOR THE DISINTEGRATION
RATES OF_UNSHIELDED SPECIES

The unshielded species involved in this work are
ground states of isomeric nuclides (when a metastable state
decays to the ground state) or isomeric states of an unshielded
nuclide of 85Sr. The correctioné for the latter are somewhat

involved and are discussed in the Appendix, while the former are

discussed below.

ITI-3.1. Calculation for the Disintegration
Rate of the Ground State of an

Isomeric Nuclide

The case is very similar to.the radioactive chain
A <+ 3B ~ C,-ﬁhen one is interested in the determination of the
disintegration rate for>the independent formation of B or of the
ground state of an isomeric paira. 1f D: and D;c represent the
disintegration fatesbof metasfable.and ground states respectively,
at the end of bombardment time, the disintegration rate of the
ground state at any time 1is given'by, |

Ny SNt oAt At

' - ——t (o] 1
D, = Ny - g D, (e -.e ) + D, e (16)

Equation (16) could be used directly or after simplifications to

o
2¢’

the ground state (as is the case in the present work), measure-

get D When the metastable state is short lived relative to

ments for Dz.couldvbe made after a long time compared to the

half-1ife of the metastable state and (16) becomes



-N “Nat =Nyt
2 o 2 o 2
D2 = o - N D1 e +-ch e
2 1
A : “A,t
2 o o 2
= (xz =Ry Dy + Dy.) e

A plot of 1log
extrapolation
The

growth during

D2 versus time will be a straight line and

o

to zero-time will yield ch.

disintegration rate is next corrected for the

bombardment.  During bombardment,bthe rate

equation for the ground state is given by

dc - M Nyt Ry - Ny

(17)

(18)

where R2 is the rate for the formation of the ground state for a

particular flux of protons.  Again, since

equation (18)

which gives

R, + R

or

At
Ay N o= Rl(l - e )
becomes
an, 1 -At
T TR mR(l-e T ) +Ry
“Ao t R At “Aqt
: 27y 1 1 2
(L ~e “ )+ (e - e )
| Mot M
e - e )

(19)

(20)

(21)
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Substituting for R; and R, from (19) and putting t = t, as the

duration of bombardment, equation (21) becomes

o M "Mty
o o D1 kz e - Al e
D,. =D, + T 1+ S W (22)
1°b 1 2
(1 - e )
(v}

from which D2’ the disintegration rate for the independent
formation of the ground state, can be calculated.

Equations (16) or (17) and (22) were used to calculate
the disintegration rates for the ground states of isomeric

nuclides when metastable states decayed by isomeric tramsition.

I1I-4. CALCULATION OF CROSS SECTIO

After determining the disintegration rate at the end

"of bombardment time, the cross section for the fqrmatibn of a

particular nuclide 'A' can be calculated (using'the thin target

approximation) by the equation

<DZ = In, aA(l - e-hAtb) (23)
where 'Dz = disintegration rate of 'A' at the end of bombardment,
I = flux of protons as number per cm2 per sec,
n, = number of target atoms exposed to the beam,
7\ = formation cross section of A,
AA = decay éonstant for A,
tb = duration of bombardment.

The proton flux in the internal circulating beam was
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determined by using the monitor reactions, 63Cu(p,n)632n or
6SCu(p,pn)M'Cu, the excitation functions of which are reliably»
known (next section), Since the copper.oxide and strontium
nitrate were intimately mixed, they were expo#ed to the proton
beam under identical conditions. The formation cross section=s

for the monitor reaction is given by

. -Xt
o _ M b
D I ny, oy (1 - e )

o (24)

Eliminating 'I' between (23) and (24) and rearranging, we get

| At
(1 - e MP
X .t
ATby

(o]
Ny Da

x O (25) ¢

, M
(1 - e

Again, the number of atoms of a particular mass (involved in the

nuclear reaction) in a known weight of the compound is given by

W : 23
n = N.A. x g5 x LA x 6.02 x 10 (26)
where N.A. = number of atoms of the element of interest

in a molecule,

weight in gm of the compound,

W =
G.M.W. = gram molecular weight of the compound,
I.A. = igotopic abundance of the nuclide undergoing

nuclear reaction.

For copper oxide as well as strontium nitrate, the factor N.A.

is unity and we have
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‘ W
- T 23
n,, ETﬁTﬁT; x I.A., % 6.02 x 10 (27)
and
e Mk x 6.02 x 1023 (28
M GM.W. ey X 004X )
Substituting (27) and (28) in (25), we get
: K o -A\ f
A Ivo W G.MIWO (o] .-K t M
T T M D A Db :
M (1 - e )

Equation (29) was used for the calculation of cross
sections of all nuclides (as well as isomeric states) once the
disintegration rates at the end of bombardment times were

calculated for their independent formation'during irradiation.

III-5. MONITOR CROSS SECTIONS

The monitor cross sections used in this work were

taken from the excitation function curves due to S.N.

6 (96)

Ghoshal(lo) for 3Cu(p,n)6BZn and S. Meghir and L. Yaffe
for 6SCu(p,pn)64Cu reaction. These values, together with
corresponding bombarding energies of protons, are reproduced

in Table 1.
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Table II

MONITOR CROSS SECTIONS USED IN THE PRESENT WORK

Bombardment Cross Section Cross Section
Energy 630u(p,n)63Zn(10) 65C1u(p,1:>n)64(':u(96)
| (mb) (mb)
7 250 -
9.5 435 . -
12 515 -
15 | 460 -
18.5 - L 144
21.5 | - ‘ 380
24 - 482
24.7 | ' - 4388
25.5 - | 486
26.5 - 480
28.7 , - ‘ 422
30 - 388
33 . - 334
36 . : - : - 298
40 - - 265
42 - .- 252
44 - B © 240
45 - | 235
48 E ‘ 220
54 e 198
60 - R 180
66 - | 167
72 - R 156
78 . A 148

’

85 ' - 140

* .
An accurate measurement of the cross section for
63Cu(p,n)63Zn reaction at 6.75 MeV of proton
enefgy has been fecently reported by Humes et

91)
al.

excellent agreement with the value taken from

The reported value of 239 Y 13 ab is in

-Ghoshal(lo) and used in this work for calculating

the cross section at 7 MeV.



IV. EXPERIMENTAL RESULTS

_The cross sections and other pertinent data obtain;d
at different protonAbombardmeﬁt energies (up to 85 MeV), for
various product nuclides of interest, are tabulated in fhis
chapter. The corresponding excitafion function curves and
isomer ratios for the isomeric nuclides , as obtained from these
cross-section'values, are alsq presented. A brief account of
the decay‘schemes of the individual nuclides as reqqired in the
calculations is also given and Table III summarizes the
characteristics of the nuclides as'weli as activity measurement

procedures used in the work.

IV-1. INDIVIDUAL NUCLIDES

Iv-1.1. 105 day-88Y

The decay scheme of this nuclide, formed by the

(97,98).
(pymn) réaction, is shown in Fig. 15(a). The 0.3 msec metastable
state decayed to the ground state by an isomeric transition and
it was not possible for us to make‘measurements of such a short-
lived species.. The formation cross sections of the nuclide
could, however, be detérmined by measu;ing the radiations “
connected with the decay of the ground state only, as the

- relatively vefy small hélf-life of the metastablé\iifte intro-
duced insignificant errors in the disintegfation rates ﬁetermined

for times»ét the end of bombardments., The ground state could

be measured by either of the characteristic gamma rays of 0.9 and



Table IIX

PERTINENT DECAY SCHEME DATA AND DETECTION METHODS
USED FOR THE PRODUCT NUCLIDES OF INTEREST

Half- Radiation Branch Conversion Detection
Nuclide Life Followed Abu?%§§ce Coefficient. Method Ref.
88y 105 d. 7 - 1.84 MeV  99.4 0 c.m.* 97,98
®7my 13.5.h. y-0.483) 98.6  0.0035 G.M. 92
0.381) -
878y 80 h. 7- 0.483 MeV  98.6 0.0035 G.M. 92
86my 48.5 m. 7-0.208 MeV 100 0.05 G.M. 101,102
868y 14.6 h. gt 30 - p.u.” 100,103
85my 2.68 n. p* 55 - P.M. 105
85ey 5 h. gt 70 - - P.M. 105
84y 4o m. gt . 86:5 - P.M. 92
85ms, 70 m. 7-0.225 MeV 86/  0.024 G.M. 92
8585y 65 d. .7- 0.514 MeV 100 0.007 G.M. 92
86pb 18.7 4. B 100" - bx-p 92
B4%p 334, 7 -0.88Mv 77 0 c.m. 92,108
833,  83.d. 7-0.525 MeV 93 0 G.M. 109
64cu 12.8 h. gt 19 - P.M. 92
6320 38.3 m. gt 93 - P.M. 110
———

G.M. - Gamma-ray measurements.

+

P.M. - Positron measurements. .
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.Figure 15

88 87

DECAY SCHEMES OF Y AND Y

(a) 8y (98)

87m,gY (92)

(v)
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1.84 MeV energies and the results reported below are based on
the activity measurements made with the 1.84 MeV gamma ray. In
one case (at 33 MeV), the disintegration rates for times at the
end of bombardment (Do) were checked by measurements made with
both gamma rays and were found to be the same. Branching
ratios(ga) of 947 and 99.47 were used for 0.9 and 1.84 MeV gamma
rays respeciively.

The calculated cross sections are presented in Table IV

and the excitation function curve is shown in Fig. 20.

IV-1.2. 13.5 hr.-2'"y and 80 hr.-o/8y

The decay scheme of this isomeric nuclide is shown in

Fig. 15(b). The reported half-lives for the metastable state

(62)

are 14 hr.(gg) and 13 + 1 hr. We have analysed our data

according to 13.5 hr. and they seemed more consistent with this

value. The half-life for the ground state was found to be in

(99

véry good agreement with the reported ) value.

1.(100) suggested a positron branch of

about 5%, associated with the decay of 87mY, in order to explain

 Yamazaki et a

their experimental results while investigating the decay scheme
for the 14.6 hr,~86gY. We have checked this possibility by
making positron measurements ‘and determining the 87mY activity
(due to isomeric transition) by analysing the growth and decay
of 87gY at a bombardment of 21 MeV. A positron branch of less _

than 1% (0.95%) was found, part of which was again attributable

87

to 86gY, which was formed as a result of Sr(p,2n)86Y and

86Sr(p,n)86Y reactions, the 87Sr (» 0.2%) and 86Sr (~~.05%)



isotopes being present in the target sample. (Table I,

Expérimental Procedures.) It was not possible for us to check

for the decay of 87mY by electron capture which has been

reported(gg) to be less than 15%. We have therefore assumed

87 :
that Ty decays exclusively by isomeric transition.

-Activity measurements for 87mY and 87gY were made by

following the growth and decay of the 0.483 MeV gamma ray

87gY
?

associated with the decay of till bombarding energies of

26.5 MeV. A branching ratio of 98.6% (0.6% due to 0.3% 5+
branch) and a conversion coefficient(gz) of 0.0035 were taken
into account in the calculations. Activity measurements for
bombardments at 30 and 33 MeV were made by a milking procedure
and measurement of the 0.38 MeV\gamma ray for 87m¥ as described
before; and the 0.483 ﬁeV gamma ray for 878Y after the decay of

86gY. This was necessary because 86gY, formed at higher

energies, decayed with a similar half-life (i4.6 hr.) to 87mY
and had a .large branching ratio for positron emission. After
33 MeV, tﬁe crOSS-sectiqns for the formation of 87mY.decreased
éharply while the positron-emitting.activities increased,
rendering it difficult to make measuremeﬁts with the 0.38 MeV
- gamma ray for 87mY. " The measurements'fdt this nuclide were
therefore discontinued for energies higﬁer than 33 MeV. |

The cross sections and isomer ratios are presented in

Tables V - VII while curves for excitation functions and isomer

ratios are shown in Figs. 21 and 22 respeétively.
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IV-1.3. 48.5 min.-2°"Y and 14.6 hr.-°08y

The metastable state was first reported by Haskin and

(101) (L02)

Vandenbosch and was subsequently confirmed by Kim et al.

The decay scheme for the ground state has been proposed by

Yamazaki et al.(loo) and Wapstra et al.(103) and is still

incomplete.i The decay scheme for the metastable state is shown
in Fig. 16(a) while the ground state is presented in Figs. 16(b)

and 17.

t

)

The reported half-lives for the metastable state are

49 + 1.5 min. and 48 + 1 min. Although our data could be
analysed with either of theée values, a mean value of 48.5 min.
was used in this work. The activity measurements were made by
following the 208-keV gamma ray with an internal conversion
coefficiént of 0.05 (a mean of 0.04 + 0.01(102) and
0.06 + 0.01(101)y,

. The ground state was measured by positron measurements.
A branching ratio of 28.1% is obtained from the decay scheme of
Yamazaki et al;(loo) while, at the same time, a total of 113%
results by adding percentage branching ratios forvthe positron
and electron capture decay processes. Also; as mentioned in the

preceding section, Yamazaki et al.(loo)

about 5% of the positrons to 87mY. A branching ratio of 31.5% is

were forced to assign

obtained from the decay scheme of Wapstra et-al.(103) (Fig. 17).
A value of 30% was therefore arbitrarily selected and used in

our calculations.

The cross sections and isomer ratios are given in



Figure 16

DECAY SCHEME OF 86Y

(a) 86my (102)

(b) 86g, (100)
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Figure 17

DECAY SCHEME oF 98y (103)
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Tables VIII - X and the excitation functions and isomer ratio
curves in Figs. 23 and 24 respectively.

IV-1.4. 2.68 hr.->°"y and 5.0 hr.->98y

The existence of this isomeric pair was first reported

(104)

by Horen and Kelly. A more thorough study of the decay

1_(105)

scheme (Fig. 18) was reported by Dostrovsky et a and we

have used their data in the calculations of our results.

(106)

Recently, Nieckarz and Caretto also reported the half-lives

for the isomers, which are in good agreement with those of
Dostrovsky et al.(los)
Dostrovsky et al. could not observe any transition
between the two isomeric states and set an upper limit of about
1% for the direct isomeric transitions. They obtained figures
of 55% and 70% for the positron branching ratios for 2.68 hr.
and 5.0 hr. isomers respectively.. The results were calculated
from the positron measurement data and these branching ratios
were used for both the isomers. The calculated cross sections
and isomer ratios are tabulated in Tables XI - XIII, and
excitation functions and isomer ratio curves are given in Figs.

25 and 26 respectively.

IV-1.5. 40 min.-oty

The activity measurements for this nuclide, formed by

the (p,5n) reaction, were made by performing positron measurements.

(107)

The reported half-lives for this nuclide are 39 + 2 min. and

(92)

42 and 43 minutes. A value of 40 min. was adopted in this



Figure 18

DECAY SCHEMES OF 85Y AND 85Sr

(a) 858y (105)

(b). 85m,gér (92)
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work, and the data analysed with this half-life was quite

consistent. A branching ratio of 86.5%(92) was used in the
"calculation and the results for cross sections are given in

Table XIV. The excitation function curve is presepted in Fig.27.

IV-1.6.. 70 min.-2°"sr and 65 d.-S°8gy

The deé#y scheme(gz) of this isomeric pair is presented
in Fig. 18(b). The metastable state was measured by following
the 0.23 MeV gamma ray with a branching ratio of 86.0% #nd a
total conversion coefficient of 0.024.

The ground state was measured by its characteristic
gamma ray of 0.514 MeV. A branching ratio of 100% and
conversion coefficient of 0.007 were used in the calculations.

The calculated values of cross sections and associated
data, and isomer ratios are given in Tables XV - XVIII, and
excitation functions and isomer rétio curves are shown in Figs.
28 and 29 respectively.

86R

Iv-1.7. 18.7 d.- b

The decay scheme(gz) of this shielded nuclide is shown
in Fig. 19(a), and is a case similar to that of 88y. The
" relatively short-lived (1.04 min.) metastable state decays to
the ground state and was not measured in this work. The ground
state decays by negatron emission and was measured by thg bu-B
' proportional assembly. The calculated values of crdss sections

are given in Table XIX and the excitation function curve is

shown in Fig. 30.



- Figure 19

DECAY SCHEMES OF 83Rb, 84Rb, AND

(a) 8651 (92)
(b) 84y (92,108)

(;) 83,, (109)

86

Rb
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IV-1.8. 33 d.-2%Rb

(108’92) of this shielded isomeric

The decay scheme
nuclide is shown in Fig. 19(b). ~Again we did not measure the
metasfable state (20 min.) and the cross sections for the
nuclide were obtained from activity measurements associated with
the decay of the ground state. The characteristic gamma ray of
0.88 MeV was followed and a branching ratio(108) of 77% was used

for the calculation of the cross sections (Table XX). The

excitation function curve is shown in Fig. 31.

Iv-1.9. 83 d.-83Rb

The decay scheme [Fig. 19(c)] of this nuclide was

1.(109)

recently studied by Dostrovsky et a and the nuclide was

measured by the composite photopeak due to 521, 530, and 553 keV

gamma rays. A branching ratio of 93%(109)

was used in
calculating the results.

After about 60 MeV, this nuclide is also expected to
be formed from the decay of its precursor, i.e. 838r. The
34 hr. half-life of this isotope is, however, sufficiently long
so that any corrections (within experimental error) may be
disregarded when the rubidium activities could be separated from
its parents in aﬁout an hour from the end of bombardment.

The cross sections for, this nuclide are given in

Table XXI, and the excitation function curve is shown in Fig. 32.

IVv-1.10. 12.8 hr.-64Cu and 38.3 min.-632n

These monitor activities were measured by performing

(92)

positron measurements. Branching ratios of 19% ‘and 93%(110)



. 6
were used in the calculations of disintegration rates for 4Cu

and 63Zn

IV-2. ERRORS

Errors involved in the determination of cross sections
are mainly of two types. The first class represents, what may
be termed as 'constant' errors, and includes errors due to decay
schemes (e.g. in branching ratios, conversion coefficients or
half-lives, etc.), efficiencies for the detection systems, etc.

On the other hand, errors such as those involved in the

~estimation of backgrounds of the gamma-ray spectra, decay curve

analysés, chemical yields, dilutions, etc. are 'random' in
nature.

lErrors due to decay schemes are not definitely known
and are therefore not included in the over-all estimation of
errors. An error of + 5% had been quoted(sg) for the
efficiencies determined for the gamma-ray measurement assembly
coupled to the 100-channel pulse-height anélyser. A similar
error was estimated for the efficiencies of the higher resolution
gamma-ray and positron measurement assemblies.

The random errors weére estimated as follows.

1. Errors in the determination of the photopeak vary with
the complexity of the spectrum. ‘An error of + 5- 15% was
estimated.

2, Chemical yields were determined by titrafions,
spectrOphotometry as well as precipitation methods. An error of

+ 2% was estimated for chemical yields determined by titration



3

or the precipitation method, while a higher value of + 5% was
allowed for spectrophotometric results.

3. An error of + 3- 5% was estimated for the decay curve
analyéis.

4. An error of + 1% was estimated for pipetting, etc.,
and a similar allowance was made for weighing in the balance.

The over-all error was estimated by taking the square
root of the sum of squares of all these individual errors
considered above, for both the nuclide and the monitor.  These
errors ranged from + 10% to 20% for the nuclides studied in this
- work.

In estimating the errors for daughter nuclidés (e.g.
ground states of some isomeric nuclides), care was used to take
into account the errors involved in the measurements of the
parent nuclide as well as its percentage contriBution to the
disintegration rates of the daughter nuclide. Errors estimated
for the isomer ratios varied from 8% to 22%.

The spread in the beam energy, as reported by the
Foster Radiation Laboratory, was assumed to be + 2 MeV. This
is represented by horizontal bars in the excitation function
curves while the estimated error, due to factors mentioned
before, is shown by vertical bars.

‘Another 'constant' error (comstant for a particular
energy rather than for the nuclidg), reference to which has not
been made in the above discussion, is the error in the values of

monitor cross sections. Errors in the monitor cross sections



are also reflected in the cross sections determined by using
them, and-are particularly troublesome in the region of steep
‘'slopes of the excitation function curves because of the energy
spreaa in the proton beam (+ 2 MeV).

For low-energy bombardments (till 15 MeV), monitor
cross section values were taken from Ghoshal's(lo) results;
errors fdr'which could not be evaluated.A Meghir ana Yaffe(géy
quote a figure of + 14% in their results for the 65Cu(p,pn)64Cu

excitation function, but we have not taken into account either

of these errors in monitor cross sections in our results.



Table 1V
INDEPENDENT CROSS SECTIONS FOR THE FORMATION OF SOy FROM °osr

Proton Monitor Do . Do Ratio of o Nuclidé
Energy o) A -5 M -8 Saturation _ : o}

(MeV) (mb) dis/min x 10 dis/min x 10 R Factors x 10 (mb) + 12%
7 250 8.69 19.3 0.992 23.2 260
9.5 435  19.5 28.7 0.992 21.6 630
12 515 20.7 30.4 0.992 27.0 940
15 460 57.8 66.5 0.992 24.1 960
18.5 144 48 .4 1.02 0.444 1.92 580
21.5 380 22.4 2.41 0.444 1.92 : 300
24.7 488 12.9 2.99 0.444 1.92 180
28.7 422 7.53 . 3.93 0.444 1.92 69
33 . 434 6.75 - 3.26 0.444 1.92 59
36 298 4.56 2.22 0.444 1.92 52
40 265 3.74 2.04 0.444 1.92 41
42 252 1.66 2.55 1.27 1.92 40
48 220 2.28 1.30 0.444 1.92 33
54 198 2.10 1.33 0.444 1.92 27
60 . 180 1.47 0.90 0.444 1.92 25
66 167 0.753 1.26 1.27 1.92 | 24
72 156 . 0.650 1.48 1.27 1.92 17
78 148 0.139 0.311 1.27 1.92 16
85 140 1.35 2.84 1.27 1.91 16

Symbols denoting the tabulated quantities are defined in the following page.

001~
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(o]

DA = disintegration rate of the 'concerned' nuclide at the end
of bombardment (Equation 23).
D§ = disintegration rate of the monitor nuclide at the end of
bombardment (Equation 24).
ny .
R = ;; = ratio_of number of monitor to target atoms

(Equations 27 and 28).

Ratio of saturation factor (Equation 29).
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Figure 20

EXPERIMENTAL EXCITATION FUNCTION FOR

888r(p,n)88Y REACTION ’
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Table V
INDEPENDENT CROSS SECTIONS FOR THE FORMATION OF °’/®y FROM °osr
Proton Monitor Do Do Ratio of o
Energy o] A -7 M -8 Saturation m
(MeV) (mb) dis/min x 10 dis/min x 10 R Factors (mb) + 11%
15 460 0.343 10. 9 2.84 18.6 77
18.5 144 . 3.82 0.329 1.27 1.05 220
21.5 380 8.74 1.36 1.27 1.05 330
24 482 13.0 1.28 1.27 ©1.05 650
25.5 488 18.0 : 1.70 1.27 1.05 690
26.5 4,80 14.2 . 1.39 " 1.27 1.05 650
30 388 15.2 1.35 1.27 1.05 580
A | .
33 334 12.2 1.69 C1.27 .05 320

* .
Error + 15%

€01



Table VI

INDEPENDENT CROSS SECTIONS FOR THE FORMATION OF 878Y FROM 883r

Proton Monitor Ratio of o]

D

Energy g Z -6 D§ -8 Saturation 8
(MeV) (mb) dis/min x 10 dis/min x 10 R Factors (mb) + 11%
15 460 0.983 10.9 2.84 110 130
18.5 144 7.30 0.329 1.27 6.21 250
21.5 380 12.2 1.36 1,27 - 6.18 270
24 482 17:1 1.28 127 6.22 510
25.5 488 23.0 1.70 1.27 6.21 520
26.5 480 | 15.5 1.39 1.27 6.21 420
30 388 14.4 1.35 1.27 6.21 330"
33 334 11.6 * 1.69 1.27 6.21 180"

* .
Error + 15%

%01



Table VII

INDEPENDENT CROSg SECTIONS AND ISOMER RATIOS FOR

THE FORMATION OF NUCLEAR ISOMERS OF 87Y FROM 888r

Nuclide Isomer Ratio
Proton o o} o/ c o ’
Energy n g (= O ¥ og) -2 (= —E) + 8%
(MeV) (mb) + 11% (mb) + 11% (mb) Og L
15 77 130 210 0.60
18.5 220 250 470 : 0.89
21.5 330 270 600 1.21
24 650 510 : 1160 . 1.28
25.5 690 520 1210 1.32
26.5 650 420 1070 1.55
* * *
30 580 330 910 1.79
* % . : *
33 320 180 500 1.78

*
Error + 15%

SOT
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Figure 21

EXPERIMENTAL EXCITATION FUNCTIONS FOR 883r(p,2n)87mY,

8 8

SSr(p,Zn)87gY AND SSr(p;Zn)87m+gY REACTIONS

87 : .
A mY - c¢ross section

a 87gY - cross section

'87m+gY -

0 - ¢cross section
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Figure 22

o o
EXPERIMENTAL ISOMER RATIOS (;E) FOR
L

8 87m

83r(p,2n)8"™: 8y REACTION
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Table VIII

INDEPENDENT CROSS SECTIONS FOR THE FORMATION OF 86mY FROM 888r

"Proton Monitor p° p° Ratio of o
Energy o] A -8 M -7 : Saturation m
(MeV) (mb) dis/min x 10 dis/min x 10 ' R Factors x 10 (mb) + 18%
33 334 18.4 ' 32.6 0.444 9.16 - 77
36 298 24.3 22.2 0.444 9.16 130
40 265 33.2 20.4 0.444  9.16 180
42 252 © 15.6 . 25.5 1.27 | 9.16 180 '
48 220 1.05 . 2.60 1.27 6.97 79 5
54 198 1.0 3.0 1.27 7.01 59 '
60 180 0.722 2.77 1.27 6.97 42
66 167 0.739 3.29 o 1.27 6.97 33
72 156 0.485 2.67 1.27 7.19 26
78 148 0.671 5.01 1.27 7.19 18
85 140 0.803 5.91 1.27 7.19 17




Table IX

INDEPENDENT CROSS SECTIONS FOR THE FORMATION OF 868Y FROM 888r
Pfoton ~ Monitor . p° . ° Ratio of 5
Energy c A -7 M -7 B Saturation
(MeV) (mb) dis/min x 10 dis/min x 10 R Factors (mb) + 20%
28.7 422 5.19 39.3 0.444 1.14 28
33 334 37.4 32,6 0.444 1.14 190
36 298 45.7 22.2 | 0.444 1.14 310
40 265 44 .3 20.4 0.444  1.14 290
42 252 18.5 25.5 1.27 1.14 260
48 220 0.878 2,60 © 1,27 1.14 110
s 198 | 0.603 3.00 S 1.27 1.14 58
60 180 0.292 2.77 1.27 1.14 27
66 167 - 0.416 3.29 1.27 1.14 31
72 156 . 0.198 - 2.67 1.27 1.14 17
78 148 0.526 5.01 . 1.27 1.14 23

85 140 0.575 . 5.91 1.27 1.14 20

- 601



Table X

INDEPENDENT CROSS SECTIONS AND ISOMER RATIOS FOR

THE FORMATION OF NUCLEAR ISOMERS OF_§6Y FROM 883r

: Nuclide " Isomer Ratio

frorer % g ta) S0y gy

(MeV)  (mb) + 18% (mb) + 20% (mb) Og oL T

28.7 - 28 » 28 | -

33 77 190 270 0.40

36 130 310 | 440 0.43

40 180 290 470 0.60 é
42 - 180 260 - 440 0.68 ?
48 79 110 190 0.73

54 59 58 120 1.02

60 42 27 69 - 1.50

66 33 ' 31 64 : 1.10

72 26 T 43 1.55

78 18 23 41 0.80

85 17 20 ' 37 ~ 0.88
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Figure 23

EXPERIMENTAL EXCITATION FUNCTIONS FOR 888r(p,3n)

86mY’

885r(p,3n)8%8y anp ¥8sr(p)3n)8%™F8y rEAcTIONS

A 86mY - c¢cross section
. 868Y - cross section
0 86m+gY - crossAsection
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Figure 24

~

q.
EXPERIMENTAL ISOMER RATIOS (EE) FOR
L

8 8 6m

8sr(p,3n)°%™ 8y REACTION
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Table XI

INDEPENDENT CROSS SECTIONS FOR THE FORMATION OF S°y FROM Sosr

Proton Monitor Do D° Ratio of am om (Avera e)
Energy o] . A -7 M _ Saturation g
(MeV) (mb) dis/min x 10 dis/min x 10 R Factors _ (mb) (mb) + 10%
42 252 7.44 25,5 1.27 0.231 21.6 22

45 235 9.52 12.8 1.27 0.216 47.9 48

48 A 220 41,0 13.0 0.444 0.231 71.2 59

48 B 220 2.10 2.60 1.27 0.215 48.5

54 A 198 60.2 13.3 0.444 0.231 91.9 o

54 B 198 5.36 3.00 1.27 0.215 96.6

60 A 180 25.2 9.00 0.4bh 0.231 51.7 53

60 B 180 3.09 2.77 1.27 0.215 54.8

66 A 167 11.5 12.6 1.27 0.229 443 46

66 B . 167 3.48 3.29 1.27 0.215 48.2

72 A 156 9.84 14.8 1.27 0.231 30.4 28

72 B 156 1.63 2,67 1.27 0.216 26.1

78 A 148 1.70 3.11 1.27 0.231 23.7 23

78 B 148 2.68 5.01 1.27 0.216 21.7

85 A 140 11.9 28.4 1.27 0.235 17.5 1o

85 B 140 3.06 5.91 1.27 0.216 19.9

€11



Table XIT
 INDEPENDENT CROSS SECTIONS FOR THE FORMATION OF °°8Y FROM °osr

Proton Monitor o o Ratio of (o] (4] :
Energy g DA -7 DM _ Saturation g g (Average)
(MeV) (mb) dis/min x 10 dis/min x 10 R Factors (mb) (mb) + 10%
42 252 0.488 25.5 1.27 0.407 2.5 2.5
45 235 7.44 12.8 1.27 0.396 68.7 69

48 A 220 36.1 13.0 0.444 0.407 110.4 95

48 B 220 1.85 2.60 1.27 0.395 78.5

54 A 198 51.6 13.3 0.444 0.407 139 140

54 B 198 4.23 3.00 1.27 0.395 140

60 A 180 27.4 9.00 0.444 ,  0.407 99 o1

60 B 180 2.52 2.77 1.27 0.395 82.1

66 A 167 9.44 12.6 1.27 0.406 64.5 59

66 B 167 2.07 3.29 1.27 0.395 52,7

72 A 156 6.46 14.8 1.27 0.407 35.2 34

72 B 156 1.14 2.67 1.27 0.396 33.5

78 A 148 1.10 3.11 1.27 0.407 27.1 27

78 B 148 1.79 5.01 1.27 0.396 26,6

85 A 140 9.36 28.4 1.27 0.410 24.0 23

85 B 140 1.79 1.27 0.396 21.3

5.91

- 711



Table XIII

INDEPENDENT CROSS SECTIONS AND ISOMER RATIOS FOR

THE FORMATION OF NUCLEAR ISOMERS OF 85Y FROM 888r

, Nuclide - Isomer Ratio

Enerey “n e M=o toy) e By gy

(MeV) (mb) + 10% (mb) + 10% (mb) %n S A

42 22 | 2.5 25 0.12

45 48 o 69 120 1.43

48 59 95 150 1.52 ;
54 94 140 - 230 1.49 v
60 53 91 140 ) 1.70

66 -4'6 59 "~ 100 1.27

72 28 34 62 - 1.22

78 23 27 50 1.18

85 19 23 42 1.21
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Figure 25

8

EXPERIMENTAL EXCITATION FUNCTIONS FOR 88r(p,4n)85mY,

sSSr(p,4n)85gY AND 28sr(p,4n)8°™"8y rEAcTIONS

~

A _85mY - cross section
o Sng - 'cross section
0 85m+gY - cross section
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Figure 26

O.
EXPERIMENTAL ISOMER RATIOS (;E) FOR
. . L

885r(p,4n) 8™ 8y REACTION
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Iable XIV

INDEPENDENT CROSS SECTIONS FOR THE FORMATION OF 84Y FROM 888r

Proton Monitor Do p° Ratio of Nuclide

Energy g A -7 M -7 Saturation o ’

(MeV) (mb) dis/min x 10 dis/min x 10 R Factors x 10 (mb) + 18%

60 180 2.30 2.77 ] 1.27 5.87 11

66 167 ' 6.39 3.29 1.27 5.87 24 '

| | =

69 161 17.8 . 8.10 1.27 5.74 26 '
72 156 » 5.28 2.67 1.27 6.09 24

78 : 148 8.01 ' 5.01 - 1.27 6.09 18

85 140 6.49 5.91 1.27 6.09 12
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Figure 27 |

EXPERIMENTAL EXCITATION FUNCTION FOR

888r(p,5n)84Y REACTION
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Table XV
DISINTEGRATION RATES OF INDEPENDENTLY PRODUCED °°™sr AND S°8sr

§ZZ§Z§ o T F Dgsm _; D§5m _; D§5g s D§5g s
(MeV) (min) dis/min x 10 ‘dis/min x 10 dis/min x 10 dis/min x 10
42 63 7.98 7.43 2.82 | 1.75

48 87 43.4  46.7 25.3 15.7

54 121 . 45.5 32.3 42.1  29.4

60 112 23.9 27.2 - 21.8  14.9

66 92 12.5 14.7 : 10.2 7.44
72 67 14.0 » 16.7 10.9 8.47

78 53 3.29 4.09 2.18 1.68

85 55 25.1 | 32,2 S 17.5 C13.4

tS time at which the daughter activity was separated from the parent.

time at which the bombardment ended.

disintegration rate of the metastable state at the time of separation,
i.e. t_. : . .
s N

disintegration rate of the ground state at the time of separation.

disintegration rate of the metastable state for the time at the end of
bombardment (to) after making appropriate corrections. (Appendix)

disintegration rate of the ground state for the time at the end of
bombardment after making the appropriate corrections. (Appendix)

0z1



Table XVI
INDEPENDENT CROSS SECTIONS FOR THE FORMATION_OF 85er FROM 883r
Proton Monitor Do Do Ratio of o
Energy c A -7 M -7 Saturation n
(MeV) (mb) dis/min x 10 dis/min x 10 R Factors (mb) + 207%
42 252 . 7143 25.5 1.27 0.118 11
48 220 46.7 13.0 ’ 0.444 0.118 41
X . ]
54 198 . 32.3 13.3 0.444 0.118 25 5
' A =
60 » 180 27.2 ' 9.00 " 0.444 0.118 28 '
66 167 14.7 12.6 | 1.27 0.115 28
72 156 16.7 14.8 1.27 0.118 26

78 148 4.09 3,11 1.27 0.118 29

85 140 32.2 28.4 1.27 0.122 25




INDEPENDENT CROSS SECTIONS FOR THE FORMATION OF 858Sr FROM

Table XVII

‘Proton Monitor p° p° Ratio of o
Energy g A -5 ‘M _ Saturation _ g
(MeV) (mb)  dis/min x 10 dis/min x 10 R Factors x 10 (mb) + 12%

42 252 1.75 25.5 .27 1.19 26
48 220 15.7 13.0 A 1.19 140
54 198 29.4 13.3 A 1.19 230
60 180 14.9 9.00 A 1.19 160
66 167 7.44 12.6 .27 1.19 150
72 156 8.47 14.8 .27 1.19 130
78 148 1.68 3.11 .27 1.19 120
85 140 13.4 - 28.4 .27 1.18 100

- 271



Table XVIII

INDEPENDENT CROSS SECTIONS AND ISOMER RATIOS FOR

THE FORMATION OF NUCLEAR ISOMERS OF 858r FROM’sssr

o _ .- Nuclide Isomer Rafio
EZZEZ; “m % =0y +0)  lao(L CHy 4 22y
(MeV) (mb) + 20% (mb) + 12% (mb) m S A

42 11 26 37 2.4

48 41 140 180 3.4

54 25 230 260 ' 9.1

60 28 160 | 190 5.6

66 28 150 180 5.2

72 26 130 160 5.1

78 29 120 | 150 4.2

85 | 25 100 130 4.0

XA
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Figure 28

EXPERIMENTAL EXCITATION FUNCTIONS FOR 888r(p,p3n)85m8r,

885:(p,p3n)28sr anD ®8sr(p,p3n)® ™ 85y rEACTIONS

{ :
8 ' .
A Ser - cross section : .
o 858Sr - cross section
85m+g. .
0 Sm gSr cross section
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Figure 29

EXPERIMENTAL ISOMER RATIOS FOR

88Sr(p,p3n)85m’gSr REACTION
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Table XIX
INDEPENDENT CROSS SECTIONS FOR THE FORMATION OF 86Rb FROM 888r
'P_roton. Monitor p° p° Ratio of Nuclide
Energy o] A -5 M -7 Saturation o
(MeV) (mb) dis/min x 10 dis/min x 10 R Factors (mb) + 10%
33 334 0.716 32.6 0.444 34.1 1.1
36 298 ”i;14 22,2 0.444 34.1 2.3
40 265 _ 2.75 20.4 0.444 34.1 5.4
42 252 2.06 25.5 . 1.27 34.1 8.8
48 220 5.62 13.0 0.444 34.1 T ;
O 198 7.14 . 13.3 0.444 34.1 16 ?
60 180 9.79 9.00 0.444 34.1 30
66 167 5.56 12.6 1.27  34.2 32
72 156 . 6.50 14.8 1.27 34.1 30
78 148 1.20 - ~3.11 1.27 34.1 25

85 140 10.2 ' 28.4 1.27 34.0 - 22
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Figure 30

EXPERIMENTAL EXCITATION FUNCTION FOR

888r(p,2pn)86Rb REACTION
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Iable XX
INDEPENDENT CROSS SECTIONS FOR THE FORMATION OF S“Rb FroM ®8sr
Proton Monitor p° l)o Ratio of Nuclide
Energy c A -5 M - Saturation (o]
- (MeV) (mb) dis/min x 10 dis/min x 10 R Factors (mb) + 11%

24,7 488 0.682 29.9 0.444 60.2 3
28.7 422 4.85 39.3 0.444 60 .2 14

33 334 9.88 32.6 0.444 60.2 27

36 298 8.78 22.2 0.444 60.2 32

40 265 7.02 20.4 0.444 60.2 24

42 252 2.32 25.5 1.27 60.2 18

48 220 2.66 13.0 0.444 60.2 12

54 198 2.38 13.3 0.4bk 60.2 10

60 . 180 4.50 9.00 0.444 60.2 24

66 167 4.10 12.6 1.27 60.4 42

72 156 6.11 -'14.8 1.27 60.2 49

78 148 1.25 3.11 1.27 60.2 46

85 140 11.4 28.4 1.27 60.0 43

- 871
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Figure 31

EXPERIMENTAL EXCITATION FUNCTION FOR

8

85r(p,an)®¥rb + 88sr(p,2p30)%%R0 REACTIONS
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Table XXI

INDEPENDENT CROSS SECTIONS FOR THE FORMATION OF 83Rb FROM 88$r

Proton Monitor p° A "Do Ratio of Nuclide
Energy c A -4 M -7 Saturation -2 o
(MeV) (mb) dis/min x 10 dis/min x 10 R Factors x 10 (mb) + 117%
33 334 2.16 | 32.6 . 0.444 1.51 1.5
36 298 12.7 22.2 0.444 C1.51 11
40 265 40.6 20.4 0.444 1 1.51 35
42 - 252 23.2 25.5 . 1.27 1.51 4t
48 220 64.4 " 13.0 0.444 1.51 73
54 198 37.9 13.3 0.444 1.51 38
60 180 - 27.9 9.00 . 0.444 1.51 37
66 167 12.9 12.6 1.27 1.52 33
72 156 18.8 14.8 1.27 1.51 38
78 148 4.51 3.11 1.27 1.51 41

85 140 . 60.1 . -28.4 . 1.27 . 1.51 57

o¢l



- 131 -

Figure 32

EXPERIMENTAL EXCITATION FUNCTION FOR

8 8

8Sr(p,a2n)83Rb + 8sr(p,2p4n)83Rb REACTIONS
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V. CALCULATIONS AND DISCUSSION

V-1. QUALITATIVE CONSIDERATIONS (ISOMER RATIOS)

The experimental isomer ratios of (p,2n), (p,3n),
(p,4n) and (p,p3n) reactions, for the ranges of énergies studied
in this work, have been presented in Figs. 22, 24, 26 and 29
respectively. The decay schemes, sh&wn in  the preceding
chapter, indicated the spins of the relevant states. In all
cases, an isoﬁer ratio referred to the ratio of cross sections
of the higher spin to that of‘the lower spin isomeric state.

Figure 33 shows a plot Jf excitation energy versus
isomer ratio for the nuclear isomers of 87Y produced in different
reactions. The isomer ratios for the reactions of 8-st(oz,Zn)

and 87Sr(d,Zn)‘[Fig. 33(a) and (b) respectively] were studied by

(62

Vandenbosch et al. ) whereas thdse(for 88Sr(p,Zn) reaction
were obtained in this work. In all cases, the same compound
nucleus, 89Y, was produced and the reactions were studied in the

same range of excitation energy. The excitation energy of the

compound nucleus, E , was obtained from the relation

E,=E +Q ‘ (30)

where Ecm is the kinetic energy of the projectile in the centre-
of-mass system and Q is the 'Q' value for the formation of the
compound nucleus. The latter were calculated from the mass

tables of Wapstra et al.(llz)
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Figure 33

' .
EXPERIMENTAL ISOMER RATIOS (EE) AS A FUNCTION OF
%L

EXCITATION ENERGY FOR THE REACTIONS

(a) Omb(a,2n)87™ 8y

Ref. 62

8 87n

Tsr(d,2n)87™ 8y

(b)

888r(p,2n)87m’gY -- Present work

(e)

The same compound nucleus (89Y) was produced

in all the reactions
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The effect of angular momentum on the formation cross
sections of nuclear isomers is distinctly evident from the
figure. The alpha pafticles can bring a larger amount of
angulér momentum into the compound nucleus system than deuterons
which in turn could carry in a larger amount than protons at the
same excitation energy. This is reflected in the progressively
.incrgasing slopes of the curves showing proton, deuteron, and
alpha pafticle reactions. The higher isomer ratios for deuteron
énd alpha particle reactions to those of protons are also due to
thé fact that;888r is an even-even nucleus and thus has a spin of
zero for its ground state, while §7Sr and 85Rb have spins of g
and % respectively for their ground states. A quantitative
calculation for the theoretical estimation of isomer ratios for
the 88Sr(p,Zn) reaction and its comparison with experimental
results is presented in the’next sectioq.

The competition between neutron and gamma=-ray emission
near the threshold of a reaction was mentioned in . Chapter I
(Section I-3). While the first neutron may be emitted with a
reasonab}e kinetic energy (because of higher excitation energy
of the residual nucleus after the emission of the first neutron)
the second neutron will be emitted with very low energy, even
slightly above the tﬁreshold. The unavailability of high spin
states at low excitation energies thus forces the compegition
between neutron and gamma rays, which will be reflected in isomer

ratios in that the isomer ratios will be lower near the

threshold of the concerned reaction while they will be higher
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near the threshold of another reaction [e.g. (p,3n) reaction].
fhe finite energy difference between the ground and

'metastable states could also be important near the threshoid of

the réaction." The energies of certain emitted pairs of neutrons

in a (p,2n) reaction may be such that it might be possible to

populate only the ground state isomer. The isomer ratio in

such a case then will also be low. The considerations of this

and the preceding paragraph should therefore be importaht for

the (p,2n) reaction at 15 MeV proton energy.

3n)86g’mY reaction

The isomer ratio for the 888r(p,
(Fig. 24) increases with energy, becomes steady at about 50 MeV
proton energy and then exhibits a decreasing trend with the
increase of energy. The initﬁal increase beyond the peak of the
excitation function curve (™~ 40 MeV) is probably explainable on
the following grounds;> The spins [Fig. 16(a)] of the metastable
and ground states for this isomeric pair are 8 and 4 respectively
while the relevant intermediate level (which is importént for |
the final spin.distribution) has a spin of 5. Thus at the end
of the de-excitation stage, the states with angular momentum
values of 6 or less should be expected'to contribute to the
formation of the ground state while states with angular momentum
values of 7 or greatér should decay to the metastable state.
Ihe spin distributions of the compound nuclei formed at 39 and
45 MeV have been computed using square-well tfansmission

coefficients (Fig. 34) and the average angular momentum (root

mean :square values as computed by the program of Hofner et al.(114))
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Figure 34

ANGULAR MOMENTUM DISTRIBUTION OF COMPOUND NUCLEI

PRODUCED BY PROTONS OF DIFFERENT ENERGY

‘(a) 39 MeV (full line)

(b) 45 MeV . (dashed line)

. Square-well transmission coefficients with r, = 1.5 F

we;;kused in computing the spin distributions
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at these energies correspondé to about 6.4 and 6.9 K respectively.
Following the emission of neutroné and the gamma-ray cascade,

the spin distributions shift to lower vaiues as is evident in
Fig._dl. It thus seems not very improbable that the isomer
ratio should be less than unity even at the peak of the

excitation function curve and continue to increase further till
direct interaction mechanism becomes a dominant feature.

The isomer ratioé for the (§,4n) and (p,p3n) reactions
increase with increasing energy and then show a decreasing trend
at excitation energies higher than the peak values for the
corfésponding excitation funétion\curves; The decrease at
higher energies is ﬁsually attributed to the direct interaction
according to which oniy a part of angular momentum and energy is
transferred to the excited system, left behind after the initial
knock-on phase of the nuclear reaction. ‘ '

V-2. ISOMER RATIO CALCULATION FOR
885 r(p.20)87™ 8y REACTION

The calculations were performed using a formalism due

(57’119) and based on the assumptions

to Vandenbosch and Huizenga
of the statistical model. They have also coded a computer
program(114) (Fortran IBM-704) wh;ch, with slight changes, was
also used by the author.

In their formalism, Vandenbosch and Huizenga have
neglected the effect of competition on spin distribution (and

consequently isomer ratios) due to de-excitation modes other than

those of interest. Dudéy and Sugihara(lls) and Need(116).have
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investigated this problem. Following these investigations,
Vandenbosch et al.(62) investigated the effect of competing

channels in the particular case of the 87Sr(d,Zn)87m

*8y reaction.
" They found that the results were affected very insignificantly.
.This is of particular interest to us as the compound nucleus in
this case and in our inVthigations is the same and should be
expected to have a similar negligible effect.

The_theory of the calculation proceduré is described

(57,113,114)

in the cited references , and a description of the

required parameters as used in the computations is described

~

. below.

V-3. PARAMETERS NECESSARY FOR THE CALCULATION

V-3.1. The Spin Cutoff Parameter, S_

The importance qf:this parameter has béen well
emphasized in Chapter I (1-7.2). In performing isomer ratio
calculations, this parameter must be supplied at each stage of
de-excitation of the excited nucleus. Various models, as used
to determine its values, are described below.

V-3.i.(a) Fermi Gas Model: The equation of state for this
médel is given(67) by

U= at? - ¢ (31)

where U = E = excitation energy as measured from the

normallground state,
and t = thermodynamic temperature.

Also, the spin cutoff parameter L ' is given by
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Sz=ct=

IH
Nler

(32)

=

where 'c' is a parameter which could be interpreted in terms of
moment of inertia 'I' as in equation (32) or be described by the

(4)

relation
Ce=<n’> e (33)

where 'm' is the magnetié quantum number and the quantity<: m2:>
is the mean square value of 'm' for single particle states close
to the Fermi level. The single particle level density 'g' is

related to the level density parameter 'a' by the relation(67)
2

g .

For nucleons moving independently in an infinite square-well
potential, the moment of inertia(4’55) becomes equal to the

i}

rigid body moment of inertia 'I_'.and is given by

2 2, , :
I, =5 M R°A ‘ (12)

where Mn mass of the nucleon,

R radius of the nucleus, and

A mass number.

. Combining equations (31), (32) and (12), one obtains

2 \’
2 -Mn R A 1 +\1 +4a U

S © % 2 ' 2a _ (35)

in which only the positive root of 't' was selected, as negative
temperatures are not permitted.
Equation (35) was used to conmstruct a plot (Figs.35-38)

of ' 8" versus excitation energy (E) for a simple Fermi gas
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model. »The radius parameter vaiue of 1.2 x 10"13 cm was used
for evaluating the nuclear radius (R).

The moment of inertia which corresponds to a fraction
of rigid body value is normally required to fit the calculated
isomer ratios to those obtained experimentally. The spin
cutoff parameter values corresponding to a fractional'rigid-bédy
moment-of inertia were also obtained from the same gréph.

nIt has been pointed out before (Section I-7.2) that
this reduction of moﬁentAof inertia from its rigid body value is
usﬁally attribgfed to pairing interaction. For a Fermi gas
model this is taken into account by measuring the excitation
energj fr&m the‘mass surface of an odd-odd nuclide.  Pairing
corrections for the odd-even anﬂ even-even nuclides are then

applied as follows.

U =E for odd-odd nucleﬁs

U =E - A for odd-even nucleus (36)
and U = E - 2A for even-even nucleus
(117)

where A is the pairing energy and is takeq to be
A = 1.35 MeV for mass numbers 87 and 88.

Equation (35) was again used for constructing the plot
of 9 versus excitation energy except that U is taken from (36)
for the nuclide concerned. Such a plot, however, leaves $
undefined for excitation enefgies of up to A MeV.for odd mass
‘nuclides (even-even nuclides were not involved).  The value of

52 =< m? > was taken for this range as pointed out by

Vandenbosch et al.(62) " The constructed plots for this model
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(called ‘'shifted' Fermi gas model after Vonabhet(al.(69))‘for
various level density parameter values and mass numbgrs 87 and
88 are shown in Figs. 35 to 40.

V-3.1.(b) Independent Pairing Model: 1In this model, thet
effeqtive excitation energy’ is measured from a fictitious
reference surface which lies even below the even-even mass
‘ (62,66,67)

surface, and is obtained ffom the following expressions.

1 2

U' = E + 38 A for even-even nuclides
. L1 2 . ,
U' = E+ 38 A" + A for odd-even nuclides (37)

2

and U' = E + lg A® + 2A for odd-odd nuclides

3

The spin cutoff parameter is obtained from

SZ = c't = ct e-0.874 Alt . o (38)

while the thermodynamic temperature ft' is obtained from the
‘equation of state

U' = at? - ¢t (39)

The plots of § versus E, as obtained from equation (38), are
shown in Figs. 35-40 for various level density parameter values
and mass numbers 87 and 88. We have followed the suggestion of
Vandenbosch et al.(%2) in not adding & m2:> or <:2m2:> to the
values §f $2 as obtained from (38) to odd-mass or odd-odd
nuclides respectively as sugges£ed by Lang and LeCouteur(66) but
};ave taken .$2 to be equal ‘to <m2> for excitation energies of

less than A MeV in the case of odd mass nuclides.
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V-3.1.(c) Super Conductor Model: The strength of pairing
interaction in this model is reflected in a quantity called

'correlation parameter' (eo). Although Léng(67) assumed it to

(69)

be approximately equal to the pairing energy A,Vonazch et al.

suggest a better approximation of
8, = 1.3 A (40)

The calculations reported in this work are also based on this
value. The ground state of the superconductor 1ies below the
Fermi level by a condensation energy, Co’ and is obtained from

the equation : ' -

C = 0.47 at? (41)
[o] [o]

where t. is the critical temperature and is related to the

correlation parameter by the expression ‘ o '
t, = 0.57 e, (42)

The critical energy above which the superconductor behaves like
a simple Fermi g#s whose ground state is shifted upwards by the

condensation energi 'Co' is given by
U, = afz + C_ = 1;47 at> (43)
c o c

c

The spin cutoff parameter is given by the relation
) _ , _
. § = ct A(T) | | (44)

where A(U) is an integral arising out of saddle-point integration.
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Vonach et a1.(69) have tabulated its values as a function‘of the
ratio of thermodynamic temperature to criticalvtemperature.

The procedure followed in constructing the plot of spin
cutoff parameter versus excitation energy as obtained from (44)
was as follows. The critical temperature was evaluated from
equation (42).ﬁaking use of (40) and known pairing énergy; and
was used in determining U, from (43). A table of ;f:z was‘made
for assumed values of 'a' while the excitation éﬁergyf U, was

varied at a step of 1 MeV. The corresponding values of 't' and

A(U)‘werg noted from the table of Vonach et a1ﬁ69) for each cal-

culated value of 'The spin cutoff factor was thus obtainable

2 I

2at

. : c _
. from these values of 't" and A(U), using c= —§. "As the formalism

mentioned in the preceding paragraph is true for an even-even

. ground state, the effective excitation energies (U) were derived

by adding A or 2A to E_  for the odd mass or odd-odd nuclides >
respectively. The constructed plofs of § versus E for this. model,

for various values of 'a' and mass numbers 87 and 88, are shown

-in Figs. 35 to 38.

V-3.2. Average Kinetic Energies of
’ Evaporated Neutrons

-The energy distribution of neutrons evaporated from an

excited nucleus is expected to be of the form(lzz)

N( f,n)'-vCG.n exp( - en/f) - | (45)

where N(‘Zn) is the relative number of neutrons of kinetic energy

€n; T is the nuclear temperature of the residual nucleus and is

linked to the excitation energy of the residual nucleus by the
(67) ' |

E = aT? - 4T (46)
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Figure 35

VARIATION OF SPIN CUTOFF PARAMETER WITH
EXCITATION ENERGY FOR VARIOUS MODELS,

A = 88 (ODD-ODD) AND a = % (11 Mev™')

(The excitation energy was measured

from the normal ground state)



SPIN CUTOFF PARAMETER (§)

Fermi Gas

'Superconductor:

Independent Pairing

EXCITATION ENERGY (MeV)

-eyyI-



- 145 -

Figure 36

VARIATION OF SPIN CUTOFF PARAMETER WITH
" EXCITATION ENERGY FOR VARIOUS MODELS,

A = 88 (ODD-ODD) AND a = 34-5-(16 Mev'l)

(The excitation energy was measured

from the normal ground state)
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Figure 37

VARIATION OF SPIN CUTOFF PARAMETER WITH
EXCITATION ENERGY FOR VARIOUS MODELS,

A = 88 (ODD-0ODD) AND a = % (22 Mev'l)

(The excitation energy was measured

from the normal ground state)
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Figure 38

VARIATION OF SPIN CUTO%F PARAMETER WITH
EXCITATION ENERGY FOR VARIOUS MODELS,

A = 87 (ODD-EVEN) AND a = % (11 Mev™ 1)

(The excitation energy was measured

from the normal ground state)
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Figure 39

VARIATION OF SPIN CUTOFF PARAMETER WITH

EXCITATION ENERGY FOR VARIOUS MODELS,

A

-1
G (16 MeV )

A = 87 (ODD-EVEN) AND a =

(The excitation energy was measured

from the normal ground state)
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Figure 40

VARIATION OF SPIN CUTOFF PARAMETER WITH

EXCITATION ENERGY FOR VARIOUS MODELS,

A = 87 (ODD-EVEN) AND a = % (22 Mev™!

)

(The excitation energy was measured

from the normal ground state)
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where 'a' is the familiar level density parameter.

‘Bishop(Go’llg) has shown that the energy spectrum of
neutrons represented by (ZS) could be approximated by assuming
that the neutrons are emitted with an average energy of (2T);
the temperature being obtained from the average eicitation
energy of the residual nucleus. His results also showed that
the calculated isomer ratios are rather insgnsitive‘to small
changes in the neutron energy. |

The average energy of the neutrons was estimated as
follows. The excitation energy of the compound nucleus, ‘E ',

c

is given by equation (30), i.e. °

E,=E_ +Q | (30)

The average excitation energy of the residual nucleus (Er) is

obtained by
E.=E, - B - 2T - Ap (47)
where Bn = binding energy of the 'outgoing' neutron,

2T = average kinetic energy of the evaporated neutron, and

pairing energy correction (as discussed in Fermi

>
]

model sub-section of the last section).
For the calculations of average kinetic energies of

neutrons, the pairing correction was applied only in the context

" of the Fermi gas model. Substituting (47) in (46), one gets

. A 2
E.=E_ -3B - 2T - Ap = aT” - 4T
or
. 2

aT’ - 2T - (E, - B, - Ap) = 0 | (48)



®
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from which 'T' could be obtained as

| 1~+\/; +(E_-3B_ -A)a
T = - c n P
: —

(49)

A positive root of T was again selected as negative temperatures
are not allowed;

Nuclear temperatures calculated from equation (49) for
various values of 'a' ﬁere compared with the temperatures
obtained from inelastic neutron scattering data as plotted by
Vonach et al.(Gg)‘(at appropriate excitation energies for the
résidual nuclei). A level density éarameter, which gave good
agreement with inelastic scattering data, was selected. The
average kingtic energies of neutrons calculated with.this vélue
of 'a' were used in the calculations of isomer ratios by all

models. It may be noted that the excitation energy

was used in place of Ec to repeat the calculations for the

evaporation of the second neutron.

V-3.3. Multipolarity and Number of
Gamma Rays Emitted

The experimental evidence to decide multipolarity of
gamma rays emitted in the final phase of the de-excitation stage
is ﬁery meagre. Independent particle model calculations of
Strutinski et al.(lzo) show thaf neutron capture gamma rays

should exhibit a broad spectrum peaking between 2 and 3 MeV for
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dipole emission; in agreement with experimental results.
Mollenauef(IZI) fiﬁds that for charged-particle reactions
induced by‘4He and 12, ions (i.e.'involving high angular momenta)
gammg‘rays éonsist predominantly of quadrupole radiation.
Vandenbosch et al.(62) interpret Mollenauer's results in tefms
of decay of states of high angular momenta which were 'forced'
to emit quadrupole radiation in order to get rid of their high
angular momenta. In our work, the average angular momentum of
the compound nucleus wheniformed with protons of energy 33 MeV
is about 6 i compared to 20 -38 i (for carbon ion reactions)
according to Moliena;er.. Some quadrupole radiation which could
bé expected from the high spin end of the distribution would not
be important for isomer ratio calculations, as those states
would have populated the high spin isomer.(62)

The calculations reported here are thérefore based on.

the assumption that gamma rays consist of dipole transitions.

The empirical formula suggested by Vonach et alf(69)
1/2
- E_ 2
E, = 4003 az)] (50)

was used for the computation of the number of gamma rays. (This

formula is only slightly different from that of Strutinski's(lzo)

formula, E7 = 2(4 + 1)\)%, which was derived using a level

)1/2],

density of @« exp[2(aU while equation (50) is a close

approximation to the one derived by assuming the level density

as P U-2 exp[2(aU)1/2])

. The calculated average energy of

y? was subtracted from the initial excitation
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energy E, to compute the average enefgy of the next gamma ray.
The proceSsvwas continued till the excitation energy was less
than 2 MeV. The choice of excitation energy at which the
isomef-deciding transition (of any multipolarity) is emitted is
somewhat arbitrary. Tﬁe prescription of Vonakh-et al.(69) was
foilowed @n this way. For excitation energies greater thaﬁ

2 MeV, it was assumed that the next gamma ray did not contain
any of the 'deciding' gamma-ray transition. For excitation
énergies between 1 and 2.MeV, it was assumed that the probability
for the emission of the isomer-deciding transition is (2 - E)
while the probability for a gamma ray preceding the final gamma-
ray transition is (E- 1). For excitation energies below 1 MeV,
the final gamma ray was assumed to be emitted.

The effect of arbitrariness in the last assumption was
checked(69) in one case (Fig. 46) by aséuming the energy
boundaries as 1.5 - 0.75 and 2.5 - 1.5 MeV besides the condition
of 2 - 1 MeV as described invthe preceding paragraph.: These

choices give up to 0.5 gamma rays more or less than the 2 -1 MeV

condition used. An addition or subtraction of 0.5 gamma rays

(upper limit) was made to the number of gamma rays obtained as a

result of the 2 - 1 MeV boundary condition, and shown in Fig. 46.

V-3.4. Transmission Coefficients

A set of transmission coefficients corresponds to a
particular velocity of projectile and projectile-target system.
The compound nucleus was assumed to be formed by

protons of discrete energy for a calculation of the isomer ratio

Iz

A,
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at a particular energy of bombardment (although the reported
energy spread in the beam is + 2 MeV). The associated trans-
mission coefficients were calculated by the optical model

(12

potential and parameters due to Perey 2) and Hodgson et

al.(123) (Table XXV , Appendix). Transmission coefficien£s
were'alsovcalculated using a square-well potential in a
calculation similar to that of Feshbach, Shapiro and
Weisskopf.(lz4)

The transmission coefficients corresponding to the’
'calculated average energies' (Séctioan-B.Z) of neutrons were
obtained by optical model calculations using parameters due to

Campbell et al.(lzs) (Table XXVI, Appendix). Transmission

coefficients were also calculated. using a square-well potential
(126)

~

in a manner similar to Feld et al.
In the calculations described below, dnless stated
to the contrary, it should be assumed that optical model

transmission coefficients have béen used wherever required.

} V-3.5. Level Density Parameter

For free nucleons confined in a nucleus of radius R,

this parameter is given(127) by

2 ,7/3 2 ' :

x- 2 mR 1/3 1/3

z . (N + Z (51
& o3 T a2 ) )

a =
t

By making a simplifying assumption. that N = Z = % and defining

R = roAIIB, (51) reduces to



- 155 -

2
mr .
- Z(§)4/3 . ;_2 A (52)

as given bvaodansky.(ls) Again substituting for m (the

nucleon mass) and fi, one gets

! (53)

a = 0.0512 ri-A MeV’
where r is now a radius parameter in fermis. For r, = 1.2,

A - = A
13.5 and for r, = 1.5, a = 8.7 Thus reasonable values of

'a' should range between these limits. The calculations reported

a =

below, however, mostly needed much larger values of the level-

~

density parameters to agree with the experimental results. The

\

calculations were therefore performed for various values of

level density parameter:.

V-4. SPIN DISTRIBUTIONS AT DIFFERENT STAGES o ;
‘ ~ OF DE-EXCITATION AND DETERMINATION '
OF ISOMER RATIO

Figure 34 demonstrated how the spin distribution of the
compound nuclei changes with the energy of the projectiles.
Figure 41 shows thé spin distribution at different stages of the
de-e#citation process. The spin cutoff parameters, required at
each de-excitation stage, were obtained from the superconductor
model and a level density parameter of 16 MeV-l. The gamma
transitions were assumed to be dipole inlnature.

Curve (a) represents the spin distribution for thé
initial compound nucleus formed by protons of energy 24 MeV with

target nuclei of 888r. The spin distribution following the
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Figure 41

DIéTRIBUTION AT VARIOUS STAGES OF THE CALCULATION

8 87m

THE °°Sr(p,2n)3 ™ 8y REACTION, AT 24 MeV, USING

A
5.5

_SUPERCONDUCTOR MODEL AND a = ¢ (16 Mev'l)

Solid curve corresponds to the distribution in
angular momentum of the compound nucleus

(888r + p ~'88Y). )

Dashed curve corresponds to the spin distribution

following emission of the second neutron.

| Dash-and-dot curve corresponds to the changed

!

spin distribution folldhing the emission of

the third gamma ray.

[Spin distributions following the emission of first

neutron and first and second gamma rays are not
shown. The vertical bar at J = %‘ihdicates the
dividing point. States to the left of the bar
populate the ground state (I = %) and states to
the right populate the metastable state (I = g)]
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emission of the first neutron is not shown in the diagram while
curve (b) shows the spin distribution,following the emission of
the secoﬁd'neutron. The distributions following the emission
ef f;rst and second gamma rayrare again not indicated in the

diagram, whereas curve (c) shows the distribution following the

emission of a third gamma ray.. In this case, this gamma ray is

next to the last gamma ray and the isomer ratio is obtained by

dividing the distribution at J = %. (Recall that the metastable

state has a spin of g while for the ground state I = 1/2.)
. States with J greater or less than % are assumed to populate
‘metastable and\ground state respectively, whereas half the

states ‘from J = % are assumed to decay to each of the metastable

and ground states. This is indicated by the straight line at

J =V% in the diagram.

V-5. COMPARISON OF EXPERIMENTAL RESULTS
WITH CALCULATIONS

The calculated results repofted'below are based on
various choices of parameters as discussed in Section V-3.
Invariably, the experimental poipts have'been represented by
'open circles' while a emooth curve (full line) is drawn through
the calculated points.

Figurei42 shows results calculeted on the.basis of the
simple Fermi model. The_caléhlated results, using spin cutoff
parameter values obtained from rigid body moment of inertia and
level den31ty parameter of a = %, are very high compared to

experimental results; in agreement with the observations of
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Figure 42

~

‘A COMPARISON OF EXPERIMENTAL ISOMER RATIOS (OPEN CIRCLES)
AND CALCULATIONS (FULL LINES) BASED ON FRACTIONAL SPIN
CUTOFF PARAMETER VALUES (FRACTIONS INDICATED) OBTAINED

FROM THE SIMPLE FERMI MODEL AND a = % (11'Mev'1)
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many workers. However, agreement with experimental resulté
is obtained by using S=0.64 Sr ( Sr denotes the spin cutoff
parameters obtained from the simple Fermi model) which
éorreéponds-to I=0.41I, approximately.

The calcﬁlated results in Fig. 43 are in accordance
with spin cﬁtoff parameter values obtained from a shifted Fermi

gas model and various choices of level density parameter

(a = % = 11; gég = 16; % = 22 Mevnl). The calculated results
for the more reasonable valuer of a = A are very high compared

8
to the experimental results; which are in agreement with

"results computed by using a = %. h
In another attempt, the level density parameter value
of a = % was retained while the spin cutoff parameter values

were reduced by multiplying with a consfant_fraction, which

sSF
"in turn corresponded to a reduced moment of ineftia. The
calculations were performed using $= 0.8 SSF and 9= 0.75 SSF
and the results are shown in gig. 44 . ( SSF = gpin cutoff
parameter due to shifted Fermi model.) The eiperimental results
are in very good agreement with the calculated values for -
$=0.75 SSF which corresponded‘to an effeétive moment of

inertia I = 0.57 Ir' The latter result is in good agreement

with the value of 1 = 0.65 Ir, reported by Vandenbosch et al.(62)
| 87

for similar calculations of 85Rb(oz,Zn) and Sr(d,Zn)‘rgactions.
Figure 45 shows comparison of experimental and
calculated results using -spin cutoff parameter values obtained

from the independent pairing model. The results are indicated
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Figure 43

A COMPARISON OF EXPERIMENTAL ISOMER
RATIOS (OPEN CIRCLES) WITH CALCULATIONS (FULL LINES)
BASED ON THE SHIFTED FERMI GAS MODEL AND

INDICATED VALUES OF THE LEVEL DENSITY PARAMETER

3
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Figure 44

A COMPARISON OF EXPERIMENTAL ISOMER RATIOS (OPEN CIRCLES)
AND CALCULATIONS (FULL_LINES) BASED ON FRACTIONAL SPIN
CUTOFF PARAMETER VALUES (FRACTIONS INDICATED) OBTAINED

FROM THE SHIFTED FERMI GAS MODEL AND a = % (11vMeV-1)

@
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Figure 45

A COMPARISON OF EXPERIMENTAL ISOMER
RATIOS (OPEN CIRCLES) WITH CALCULATIONS (FULL LINES)
BASED ON THE INDEPENDENT PAIRING MODEL AND

INDICATED VALUES OF THE LEVEL DENSITY PARAMETER
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to be in agreement with level density parameter value a= 13 MeV-1

~ %). Figure 46 shows the results obtained from the super-
conductor model and various choices of level density parameter;
and tﬁe experimental results are seen to be in gopd agreement
with the values computed with a = 16 MeV-l.

The results described above can be understood by
looking at the graphs (Figs. 35-40) of spinlcutoff parametef
.values versus excitation energies. The independent pairing
modél yields spin cutoff parameter values which are considerably
lower, at almost all excitation energies, than those obtained
from any other model. The calculations therefore reflect this
in requiring a felatively small value of the level density
parameter Vﬁ%) in order to produce agreement between
experimental and calculated results. The superconductor model,
on the other hand, gives spin cutoff parameter values which are
low at low excitation energies but approach Fermi gas values at
higher excitation energies (Figs. 35-40). An intermediate
value of the level density parameter ( V“g%g), between the Fermi
gas model and the independent pairing model, is therefore
required for the task. A shifted Fermi gas model will obviously
require an even higher value of the level density pafameter (V‘%):

It is not gratifying to have obtained such a high value
bof the level density parameter. Yet it should be poin;ed out
that the isomer ratios of 87m’gY obtained from reactions
85Rb(a,Zn), 87Sr(d,Zn) and 888r(p,2n), which proceed via the

same compound nucleus, are consistent among themselves. Nearly
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Figure 46

A COMPARISON OF EXPERIMENTAL ISOMER
RATIOS (OPEN CIRCLES) WITH CALCULATIONS (FULL LINES)
BASED ON THE SUPERCONDUCTOR MODEL AND INDICATED

VALUES OF THE LEVEL DENSITY PARAMETER

[The crosses (x) denote the calculated isomer
ratios for a = 16 MeV ' and corresponding
energy of protons. The vertical bars
représent the changes in isomer ratios when
the number of gamma rays is changed by + 0.5

as discussed in Section V-3.3.]
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the same value of the level density parameter is required to
obtain a fit of calculated and experimental results using any

of the models.

V-6. EFFECT OF TRANSMISSION COEFFICIENTS
ON ISOMER RATIOS

Transmission coefficients were calculated using a
square-well potential and the optical model_with parameters due
to Perey(lzz) and Hodgson et_al.(123) for protons and Campbell
et al;(lzs) for neutrons (Section V-3.4). Isomer ratios were:
calculated using these two sets of transmission coefficients

while the remaining parameters, for a particular energy of

protons, were identical. The results are presented in Table
XXII. (Spin cutoff parameter values were obtaiﬁed from the
superconductor model and level density parameter a = 16 MeV-l.)

Table XXII

COMPARISON OF ISOMER RATIOS OBTAINED USING
SQUARE-WELL AND OPTICAL MODEL TRANSMISSION COEFFICIENTS

Isomer Ratios with Transmission
Coefficients computed with

Proton Optical Model Square-well Square-well
Energy Parameters potential with potential with
(Mev) r = 1.5F r = 1.7 F
o , o
18.5 1.12 1.02 1.23
- 24.0 . 1.29 1.24 . 1.50
30.0 1.87 1.85 2,23

It is thus seen that isomer ratios computed by square-
well transmission coefficients, using r, = 1.5 F, are in very
good agreement with those obtained by using the optical model

transmission coefficients.
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V-7. EXCITATION FUNCTIONS

It has been shown in the introduction that a nuclear

reaction can be described with the aid of compound nucleus and

direct interaction mechanisms. At low excitation energies,

(<: 50 MeV), many workers(13’29’128-37) have performed evaporation
calculations using equation (6). To include the consequences
(13,136) have

Eoup;ed the output from calculations of the cascade process to
that of evaporation calculations using Monte Carlo techniques
(Section I;S). The agreement with the experimental results has

(7) -

analysed excitation function

~data for some alpha-induced reactions involving single particle

emission via equation (9) (i.e. statistical model) with the
explicit inclusion of angular momentum‘effects. . Although they
obtained reasonable values of the level density parametér' 'V“%),
the values for the ratio of the nuclear moment of inertia to

that of the rigid body moment of inertia (%;)»were-less than

T
satisfying.

We have not attemptedit; perform any quantifative
calculations for comparison with;our experimental excitation
function results. Reported 'below are, therefore; some:of the
qualitative features envisaged by the reaction mechanisms
mentioned above, which could'be visualized from the excitation
fﬁnction curves presented in Figs. 20,21,23,25,27,28,30,31 and

32. Excitation function measurements reported for other studies

for reactions induced by protons, deuterons, 3He and alpha
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particles, etc., also substantiate many of these observations.

Vv-7.1. (p,xn) Reactions

The compound nucleus mechanism in conjunction with the
statistical model predicts the formation of peaks in the
excitation function curves, and the excitation function curves
are expected to drop sharply as the pfoton energy increases
beyond the peak energy values. The latter«arises as the
increasing proton energy successively facilitates the energy
requirements for .the emission of other parficles. Much of this
is borne out by the exéitation fuqction curves and especially
the (p,xn)vcurves (Fig. 47). The curves also exhibit ffails"
in contradiction to compound statistical assumptions [as is very
clearly manifested in the (p,n) excitation function éurve] and
are evidence in favour of a direct interaction méchanigm.

Figure 47 shows the excitation functions of allithe
(p,xn) reactions studied in this work. The peak cross sections
‘and the corresponding peak energies have also been tabulated in
Table XXIII. For reactions involving the emission of more than
two neutrons, the peak cross sections decrease as the number of
emitted neﬁtrons,increase. This is because, at high eﬁergies,
other reactions such as (p,pxn),‘(p?prn), etc., also become
energetically feasible; and, as the total reaction cross section
approaches a constant value, individual cross'sections'dught to
decrease in magnitude.

Previous comparative studies with 63Cu and 65Cu(131’134),

69Ga and 71Ga(13), and amongst the nickel isotOpes(13o’137) have
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Figure 47

EXPERIMENTAL EXCITATION FUNCTIONS FOR

888r(p,xn) REACTIONS

o - 88,38y
o - %8s:(p,2n)%y
A - 8SSr(p,Bn)86Y
o - 8SSr(p,lm)SsY

o - %8sr(p,5n)%%
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Table XXIII

PEAK CROSS SECTIONS AND ENERGIES FOR SOME

PROTON-INDUCED REACTIONS IN 883r AND 89Y(136)

88Sr ‘ 89Y
. (Target) ' (Target)
Reaction
' Peak Energies Peak Cross Peak Energies Peak Cross
Sections Sections
(MeV) (mb) (MeV) (mb)
(p,n) © 13.5 1000 . 13 720
(p,2n) 25.5 , 1200 - 26 1380
(p,3n) 39 500 40 380
(p,4n) 54 | 230 55 ~ 80
(p,5n) 69 26 - . -
(p,p3n) : 54 , 250 59 | 218
(p,2pn) 60 30 - -
(p,an) 36 32 - -
(p,2p3n) 72 50 C- : -

(p,a2n) 48 73 - | -
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shown that (Q,xn) or (p,xn) cross sections are very much higher
for the isotopes with larger numbers of neutrons. Of the four
stable isotopes of strontium, 88Sr.is the most enriched in
neutrons. - Cross sections for the (p,xn) reactions for this
isotope should therefore also be expected to be relatively high.
Excitation function measurements for the (p,xn) and (p,pxn)
products for proton-induced reactiomns in 89¥ have recently been
reported(136) from this léboratory and the peak cross sections
and corresponding energies have also béen tabulated in Table
XXIII for comparison. While the peak cross sections for (p,2n)
reactions are about the same in the two cases (and até maxima in
both studies), the cross sections for other (p,xn) products are
lower for reactions induced in 89Y than in 888r. One of the
possible factors explaining the higher yields of_(p,xn) reactions

~

in this work is probably the higher enrichment in neutrons of

888r. The N/Z ratio for 888r is 1.316, for 87Sr

for 89Y - 1.282.

- 1.290, and

Albouy et al.(lll)

have recently reported the
‘excitation function measurements for some (p,n) reactions.
Included amongst them is the 888r(p,n) reaction for a proton
energy range of 65-150 MeV. The cross section values obtained

by these workers have also been shown in Fig. 20. Their cross

sections are somewhat higher than reported in this work.

V-7.2. (p,p3n) Reaction

This is the only reaction studied amongst the (p,pxn)

family, as the products of (p,pxn)reactions are either stable or
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yield only partial cross sectiomns. In common with other
similar studies, the peak of the 888r(p,p3n) reaction (Fig. 28)
is shallow. TheArelafively slow decrease of the excitation
function curve after crossing the peak, as compared to (p,xn)
reactions, is indicative of strong preference for proton
re-emission at these energies.

The isobaric ratio for (p,4n)//kp,p3n) reactions is
plotted in Fig. 48. Except near the thresholds of the reactions,
the isobaric ratio stéadily decreases with increasing energy,
indicating the increasing relative probability for proton
emission with the increase of proton bombardment energy.. It
may be remarked that, near the high energy end; approximately
the same value of isobaric ratio‘(052 - 0.3) was obtained for
(p,xn)//[p,p(x-l)n] reactions in the studies of proton-induced

(136)

reactions in yttrium.

v-7.3. (p,2pxn) Reactions

The measured excitatioﬁ functions of this faﬁily are
shown in Figs. 30-32.

The shape of the (p,2pn) excitation function curve is
similar to that observed by Porile et a1.(13) for the
71Ga(p,an)6QZn reaction. The excitation function reaches its
peak value and then decreases slowly. The relativély low cross
sections for this reaction indicate 'difficulty' on the part of
the excited nucleus to emit protons in preference to neutrons.

The excitatien function:curves for (p,2p3n) and

(p,2p4n) reactions are typical in the sense that they exhibit
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Figure 48

ISOBARIC YIELD RATIO FOR (p,4n)/(p,p3n)

REACTIONS VERSUS PROTON ENERGY
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O ' two peaks instead of one normally observed in medium energy
nuclear reactions. The peaks are ascribed to two different
reaction ﬁaths leading to the same product nuclide, i.e. a
reaction which is assumed to proceed by the emission of two
protons and three neutrons could also proceed by the emission
of an alpha particle and a neutron. The thresholds for thé

reactions concerned are listed in Table XXIV.

Table XXIV

COMPARISON OF THRESHOLDS FOR (p,2pxn) AND
[p,a(x-2)n] REACTIONS

Reaction Threshold*
(MeV)
888r(p,2p3n)84Rb . -~ 40.1
88Sr(p,an)84Rb 11.5
885 (p,2p4n)23R0T 48.3
883 (p.a2n)83R0 19.6

* :
Q values obtained from the 'mass excess' tables of Wapstra

et.al.(llz)
+Mass excess table of Wapstra et al. does not give the mass
excess-fori83Rb. fSeegeris(138) table indicates that the
mass excess for 84Rb and 83Rb are very nearly the same.
The mass excess of 84Rb from the table by Wapstra et al.
. was therefore used for 8'3Rb.
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Fulmer and Goodman(139) have condﬁcted a survey of
(p,@) reactions induced by protons of energy ranging between
9.5 and 23 MeV and in nume?ous elements throughout the periodic
table. From theilr energy. and angular distribution sﬁudies,
they concluded that for ZS; 50 a large fraction of (p,q)
reactions proceeds.by compound nucleus reactions and that 'alpha
particles experience a lower coulomb barrier in leaving an
excited compbund nucleus than in entering a ground state
nucleus'. The competitive behaviour of (p,dn) and (p,a2n)
excitation function curves in this work also supports the
compound nucleus mechanism for these reactions.

Many workers(130-32’137) have reported the excitation
function measurements for the reactions involving alpha
emission in the case of medium energy alpha-induced reactions
for target nuclei in the medium mass region. They have also
beén able to correlate their results with statistical model
calculations; but the possibility for the re-emission of alpha
~particles could not be completely ruled out. The relative
magnitudé of the two peaks in both excitation funétion cufves
indicates a substantial probability for alpha emission even when

the projectile is fot. dn alpha particle.
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Vi. SUMMARY

| Excitation functions for the (p,xﬁ) (x = 1-5),
(p,p3ﬁ) and (p,2pxn) (x = 1,3,4) reactions induced in 888r by
protons of energies from 7 to 85 MeV have been measured by
radiochemical techniques. Shapes of the excitation function
curves and theirbintercomparison show various features which are
in accordance with compound nucleus and direct interaction
mechanisms. Excitation functions for the (p,2p3n) and (p,2pé4n)
reactions exhibit two peaks. Threshold considerations rule out
‘the possibility for the occurrence of these reactions at energies
ﬁhere their products are observed. Observation of.these
'“products‘at such energies is more consistent with the assumption
‘of (p,an) and (p;aZn) reactions, and the first peaks of each of |
the excitation function curves are assigned to these tﬁb
reactions.. The competitive behaviour of (p,an) and (p,®2n)
excitation function curves suggests that these reactions proceed
predominéntly by compound nucleus mechanism.

The ratios of the formation cross séctions of the high
spin isomer to that of low spin as a function of proton energy.
have been ;btained for the products of (p,2n), (p,3n), (p,4n)
and kp,an) reactions. Qualitative considerations are presented
to explain certain features of these curves. Comparison of the

87, 85
)

experimental isomer ratios for the 8SSr(p,Zn Y, Rb(a,Zn)87Y

‘and 87Sr(d,2n)87Y reactions, when all the reactions proceed via

the same compound nucleus, showed distinctly the effect of
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angular momentum on the formation cross sections of isomers, at
a particular excitation energy of the compound nucleus.
Quantitative éalculations based on the Vandenbosch-Huizenga
formalism for the isomer ratios of 85RB(a,Zn) and 87Sr(d,Zn)
reactions have been performed by Vandenbosch et al. using spin
cutoff parameters obtained from various models. Similar
calculations using spin cutoff parameters obtained from a simple
Fermi gas model, a shifted Fermi gas model, an independent
pairing model and a superconductor model have been performed in
this work. In all these cases, higher values of thé level
density parameter (but very nearly the same) than those
considered reasonable (% - {%) were required to obtain agreement
between éxperimental and calculated results.

Computer programs were written to calculate the
transmission coefficients using the optical modél and square-well

potentials as required in the calculation of isomer ratios.
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) i APPENDIX

App.-1. CALCULATIONS FOR THE DISINTEGRATION
. RATES OF THE GROUND AND METASTABLE

STATES OF 85sr

The relevant part of the mass chain of 858r is

}85mY‘ SSTSr
867 4%
858y 85%Sr > Rb (stable).

Since it is desirable to discuss the corrections for

both isomers separately, this is done as follows.

85erf This isomeric species forms both independently during

8 L
bombardment and as a result of decay from 5mY during and after
the bombardment till strontium activities are separated from the

. o o . .
yttrium fraction. Let us denote D1 and ch as the disintegration

rates for the times at the end of bombardment and tS -t =tﬁ_as

o

the time interval between the end of bombardment'and'separation

of the strontium sample from the yttrium fraction. The

85m

disintegration rate D2 for Sr at the time of separation is

given by

(A-1)

[¢]

1> ¢

'Thus, knowing D;, D and the decay constants; D;c could be

‘ found.

1
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The correction for the growth of 85er from 85mY

during the bombardment is very similar to the growth of the
ground state of an isomeric nuclide when the metastable state
decays completely to the ground state. The correction is

therefore given by (22) (Section III-3.1)

“Aot.
| o e 2°b _ Age
p?2 = p° =« 1+ —2— — (A-2)
‘ A SR

where ty is the duration of bombardment.

~

85 . .
gSr: The corrections for this isomer can be divided into

three parts.
5 . . o sl ,
(i) After the separation time: Let D, , D,~ and D, denote
8
the disintegration rates for sgSr for times at the end of
bombardment, separation from yttrium fraction and at any time.
As the metastable state is short-lived compared to the ground

state, the case becomes very similar to that described in

deriving equation (7) (Section III-3.1) and we have

- 0.86 XA b5 + Dsi e-X4t

G

A plot of log D4 versus time will be a straight line and if D4

represents the disintegration rate extrapolated at separation

time, we will obtain

(A-3)
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(ii) Between the End of Bombardment and Separation Time:

In this interval 8sgSr grows from Sng and via the chain

Y

85m SSﬁSr 86% SS%Sr

The correction for the latter could be obtained from the

85 85

"knowledge of disintegration rates of By and sy for the times

at the end of bombardment, i.e. Dg and D;c respectively. The
rate equation for 858Sr (only due to this decay chain and

assuming D4 to be zero at the end of bombardment) is given by

dN4
el 0.86 KZN

2 = NN, (a-4)
where N2 is obtained from the familiar equation
A ‘ A, t At “Aot
_ 1 o 1 2 o 2
N, = oo Nl(e - e ) + N,. € (A-5)
2 1 ‘
Substituting (A-5) in (A-4), integrating and applying the
boundary condition N4 =0 at t = 0, we get
N MNEL M5 EAS IRV AS|
D, = 0.86 5__ po| & - - £ —£
4 XZ '-hl 1 Al - h4 Kz - h4
At “A,t
86 D° SR (4-6)
+ 0.86 D3 - A-6
: 2¢ xz KA . ,

Subtracting D4 from Dzl, one obtains

6 = Dy 4 (4-7)
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The disintegration DZ is now to be corrected for

. growth from 85gY, which is very similar to the conditions

represented by equation (A-1). ~Therefore
08 o & o (e‘”3t1 . ”4t1) 400 o 4f1
4 AN, = A 3 bGe
4 3
or
20 o pS ex4t1 __* 2° (1 - e(ha'xs)tl (A-8)
be 4 - Mo = A 3
3 4
where Dg is the disintegration rate for the independent formation
of 85gY and N, represents its decay constant.
(iii) During the Bombardment: The rate equation for the
formation of 85g$r during the bombardment is given by
dN4 . :
i 0.86 A,N, + ANy + R, - NN, _(A-9)

where R4 is the rate for the formation of 858Sr for a particular

flux of protons and is given by

-K4t
AN, = R, (1 - e ) (A-10) .
. 85m . .
The rate of formation of Sr is given by
sz
35 = MV t R, - AN, (A-11)

~which yields on integration (as shown in Section ITI-3.1)
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Ayt R, S Ayt
Xy -, - e ) (A-12)

Substituting for N, from an equation similar to (A-10) and

3

substituting for N, from (A-12) in equation (A-9), one obtains

dN

4 ' "Nyt
T T MY, =R, f 0.86 (R1 + Ry)(1 - e )‘
R.A -\, t -A,t “A,t
2 1 2 3
+ 0.86 ;——= (e - e )+ Ry (L-e ) (A-13)
1 "2
Integrating (A-13) and applying the boundary condition of
N4 = 0 at t = 0, one gets for t = tb
' -A, t A At “N,t
0 _. 0 _ _ 4°b 4 4°b_ 727D
4 = Dse 0.86 (Rli-Rz) (1 é ) Xy - (e e )
P - “A,t
4°b 2°b ;
9 K4(e - ) N, Aty Mty
- 0.86 Ry TR N, - errwl - )
2 1 "2 4 1 4
Nt A At “ALt
4°b 4 4°b 37b
- Ry (1-e ) - o (e - e ) (4-14)
3 4 .
where Rl’ R2 and R3 are now obtained from equations like
o
R, = —1 O (an1s)
1 “Aqt .
1 b)

(1 - e

All the calculations leading to equations (A-2) and (A-14) which
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give the disintegration rates for the independent formation of
8 ' |
®sr and SgSr respectively, for times at the end of bombardment,

were carried out with the aid of the computer.

App.-2. OPTICAL MODEL AND TRANSMISSION
COEFFICIENTS

When a nucleon or a group of nucleons is incident on a
nucleus, interactions amongst different nucleons set in. The
resulting many-body problem is extremely difficult to handle.
The optical model replaces the many-body problem by a two-body
interaction between the incident particle and the target nucleus
as a whole. The latter interaction is described by a complex

nuclear potential of the form

v(r) = Vv (r) + Vv £(r) + iW_g(r) + (V_ + iW__) h(r) 2% (A-16)

Various terms appearing in (A-16) are defined as follows.

(i) Vc(r) denotes the Coulomb potential which combines with
the nuclear potential when a charged particle is incident on a
target nucleus. It has been found(14o) that it is not necessary
to take the diffuse edge of the nucleus into account, for all,
practical purposes, in deriving the potential. The Couloﬁbl
potential is therefore taken as that produced by a uniform

charge distribution of radius Rc and is given by

ZI ZT e2 r2
Vc(r) = —EEZ———— (3 - ;E) --=- for rs; Rc
c
and 2 (A-17)
ZI ZT e
v (r) = —=—7F—  --s--e---- for r > R,
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where ZI and ZT are the chargeé for the incident particle and
target nucleus respectively.

(ii) The form factor, f(r), describes the radiallvariation
of thé real potential Vof(r). The former is usually taken as
that of the Saxoﬁ-Wood type and is given by

.1

1 + exp[(r - rOSA1{3)/aS]

£(r, Togr Bg) = (A-18)

where ros and as are the radius and the diffuseness of the

nuclear surface parameters. The potential Vo is sometimes
denoted as Vs' . >
(iii) The imaginary potential, Wog(r), is usually divided

into two parts [st(r) and de(r)]. The first part, denoted
by st(r) corresponds to the volume component and has the same

form factor [f(r, r ai)] as that given by (A?18). The

oi’

second part de(r) refers to the surface component (peaking on
the surface) and has a form factor which is commonly taken

either as that for a Gaussian, given by

g(r) = expl-(r - Ra/bZ] . (A-19)

where RG and b are the Gaussian radius and width respectively;

or as a normalized derivative of £f(r, Ty ai) as given by

' g(r) = 4a,

d
i Tr f(r, r

o 1) (4-20)

the factor 4ai being the normalization constant so that the

surface form factor can have unity as its maximum value.
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(iv) The last term in (A-16) represents the correction to
the central potential due to spin-orbit interaction and is taken
to be proportional to ZHE, where Z»and S are the angular
momenﬁum and Pauli séin operators respectively.

As in atomic physics, the most familiar form for this
potential is that of the Thomas form. The form factor h(r) is

therefore given by

h(r) = -

A o

d
*dr (f: rOS’ aS)' (A'Z]')

where the constant 'b' is usually\related to the squares of the
Compton wave-length for tﬁe pion or the proton, with the'
resulting potentials (real and imaginary components, Vso and Wso
respectively) affected accordingly. The negative sign is
iﬁtroduced so that the function describing the radial'variation
is kept positive. |

For incident particles of zero spin, e.g. alpha

particles, the spin-orbit potential term is obviously absent

from (A-16). When the incident particles of spin 's' are
incident on targets of zéro spin, the intrinsic spin 's' could
couple with orbital angular momentum '4' in (2s + 1) ways,
leading to (2s + 1) values for the nuclear potential. The

argument leads to two values for the nuclear potential for

1)

and so on. When the spins of both incident particle and target

1 Ly .
neutrons or protons (s = 5), three values for deuterons (s

nucleus are non-zero, the problem becomes very much more

complicated.
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The time-independent Schrodinger wave equation could

now be written as

[\

- %—; Vz‘f’ + V(r) = EY (4-22)
where V(r) is given by (A-16) and u and E are the reduced mass

and centre-of-mass energy for the projectile-target system;

The wave funcfion, Y , is next expanded as a sﬁm over radial,
angular and spin functions. As we are interested in the inter-
action of projectiles of spin one-half with the targets of zero
spin, the eigen values of Eﬂ? corresponding to the two-spin
orientations with j = 4 + % and j = 4 - % are found to be % and

- %(% + 1) respectively (as discussed above). The subs;itution

of expaﬁsion of viim the Schrodinger equation, therefore, leads

to its separation into two differential equations for each 4 as

~

a?ut(x) V.V £(x) + i[W_£(x) + W,g(x)]
2 +l 1 - - . == ) s d
d 2 E E
p 4
A . 2L +1 +
- 2% (VSo + lwso) h(x) - —L;E——l u£(x) =0
(A-23)
dzui(x) ' V £(x) + i[W_£(x) + W g(x)]
+ 1 - =< . _= s d
2 E : E
dx
TSR ALy | -y
+ 3% (vso+-1wso) h(x) - 2 u%(x) =0
: 9 1/2
where the substitution x = kr and k = —%— is also made.

h
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The symbols‘uz and ué are the radial wave functions for the %th
partial wave and angular momentum values of j = 4 + % and
j=4- % respectively.

| Outside the nuclear boundary, the nuclear and spin

orbit potentials are zero and the equations (A-23) reduce to

2 .
d u,(x)
_——ﬁi—- w1 - 22 . &iﬁ;%_ll ug(x) =0 (A-24)
dx X X o ,
M Z. Z
where 7 = Iz I .
k i

~

Estimation of the reaction cross section is made as

follows. A plane wave could be split into incoming and outgoing

spherical waves. As a result of nuclear reaction, the amplitude
+

of the outgoing wave is changed. - If ~\£ (+ corresponds to

j = 4+ % and - to j = 4 - %) represents the relative amplitude'

of the outgoing wave, at a large distance from the nuclear

boundary, the reaction cross section is given(14o) by
| 2 2 2
o+ -
o = 2 @+1)(1- [P+ - EWR (a-25)
4=0 _
where X = %. The quantities (1 - Iﬂ(Elz) and (1 - lakélz) which

give the fraction of particles (of {Fh partial wave and angular

. 1 . 1 . '
momentum values of j = 4 +-E and j = 4 - 3 respectively) removed
from the entrance channel are termed Transmission Coefficients.
A computed transmission coefficient therefore refers to a

particular '4' and 'j' value.

Al
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-+
The relations between ﬂ\é and logarithmic derivative
¥ t
(f%) of the wave function (u&) at the nuclear boundary are given

(140,141, 145)

by many authors. They are reproduced below.

+
+ £, - Ay + is Gy, - iF
i = ﬁ L . 4 . Gﬁ s iFﬁ . exp(Zic%) (A-26)
A A x = X
(G, G, + F, F) |
Ay = X 2 “;’ 'g’ £ (A-27)
| Gp + Fyp lx = x '
- x G%F/;L—F,E\G;p/
L TRy Jx-x
X
= (A-28)
Gi(x) + Fi(x). .
because ¢ Gy F}/ - Fy G,E,/ =1 | (A-29)

Equation (A-29) is a Wronskian relationship and was
used as a 'check' in the calculations of regular and irregular
solutions F% and G% respectively of equation (A-24). X corres-
ponds to the radius at which the nuclear field is assumed to be
negligible and c£ is the Coulomb phase shift, which is obviously
zero for neutrons and has a negligible effect for the type of
energies of protons employed in this work. The asymptotic

behaviour of regular and irregular solutions is given by
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F& 2 sin [x - %-T-t - 7 1n(2x) + o%]
(A-30)
Gy = cos [x~-&£-71n(2x)+0]
2= 2 - 1
for charged particles; and
— Ln
F/&= sin (x - 5 )
(A-31)
and Gy) ¥ cos (x - x
1= 2
for neutrons. The solution F% and G%, for neutrons, can be
written in terms of spherical Bessel and Neuman functions:
EUX)= Xj%hd
(4-32)
and G£(x) = - xny (%)

The solutions F£ and G£, for charged particles, also called
Coulomb wave functions cannot be written in terms of elementary
functions because they depend both on x and y parameters.

(142,144)

Different methods are available depending on the values

of these parameters, and they are used in the program.

To calculate the logarithmic derivative (fi), the
Schrodinger wave equatibn (A-23) is integrated twice for each
value o%q?. The procedure'is exactly the same as that used in

il .
ABACUS-&.

Further details are available in the attached

program.
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"App.-3. SQUARE-WELL MODEL TRANSMISSION

COEFFICIENTS

The calculations of transmission coefficients by this
model were made using the assumptions outlined by Blatt and
Weisskopf. They are as follows:

(1) The nucleus is a sphere of well-defined surface and

/3

has a radius equal tofroA The effective radius,‘R, is

given by

R = roA1/3 + P (a-33)

where @ is the radius of the incident particle. For neutrons
and protons, P is assumed to be zero and for deuterons and alpha
particles it is paken to be equal to i.Z F. For r <:R, there
is a strong interaction and the projectile shares its energy

rapidly with the nucleons of the target nucleus. T S

(i1)  The effective potential U%(r) is given by
2 .
_ 17 (L + 1
U&_(r) = Vc(r) + EH —(—rz——)' --=- for r >R .
(A-34)
n? 2
and U%(r) =-0, = - o K, =~ ------ for r R

where K; is obtained from the energy corresponding to the top of

the Fermi distribution. For nucleons it 1is given(145) by
/ 2/3
2 _ 2w ¢ . ooy'? 1
! r
o
/

where € is the kinetic energy of the incident nucleon, which it



- 192 -

would acquire inside the nucleus, if it entered without

appreciable kinetic energy. [Other terms in (A-34) and (A-35)
have the same meanings as in the previous section.] For
r, = 1.5 F, one obtains
K,2 1x 107 en . ' (A-36)
(iii) It is assumed that, once inside the nucleus, the

incident particle has very small probability for re-emission in
the entrance channel. Under this assumption, the wave function

will have roughly the form of the outgoing wave only, i.e.

~

up «“~ exp(- iKr ) --- for rl R . (A-37)

where K is the wave number of the particle inside the nucleus and
is given by

C1/2
K = (Ki + kz) _ (A-38)

The term k in equation (A-38) is the wave number corresponding
to the channel energy of the incident particle. The logarithmic

derivative is obtained from (A-37) and is found to be
fp = -1iKR (A-39)

The substitution of equation (A-39) in (A-26) and
simplification results in the equation of the reaction cross

section as

. 48,{)/KR

<
o =xa> Z (20 + 1)

A-40
r 2=0 Ay + (KR + s%)2 ( )
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where the transmission coefficient is represented by

ll-S’E,KR
A% + (KR + S’E/)

All the terms, except K, in equation (A-40)or (A-41) are

defined in the previous section and are obtained in the same way.
The Fortran IV listings of the computer programs using

both these models (optical and square-well ébtential) are

attached at the end of this thesis.

App.-4 PARAMETERS USED FOR THE CALCULATION
OF TRANSMISSION COEFFICIENTS
(OPTICAL MODEL) . .

As mentioned in Section V-3.4, the parameters for the

calculation of transmission coefficients for protons were

(122 (123)

obtained from Perey ) and Hodgson et al. The real

potential VS was calculatéd(lzz) from the equation
V. =53.3-0.55g +2:4 2,27 (N-2) (A-42)
8. A1/3 A

which for proton -888r system reduces to
V, = 60.4 - 0.55 E ' (A-43)

Equation (A-43) was slightly changed to take into
account the resuits of Hodgson et a1.(123) for the calculation
of proton tranémissioﬁ‘coeffipients at 30 and 33 MeV (Ta£1e XXV).
The imaginary potential had a surface component only and the

form factor was that given by (A-20). The radius and
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Table XXV

PARAMETERS(;ZZ’IZS) FOR THE PROTON
TRANSMISSION COEFFICIENTS

Proton \' VREI W \'
s : d os
Energy
(MeV) (MeV) o (MeV) (MeV)
15 60 . 4 -0.55 13.5 7.0
18.5 60 .4 -0.55 13.5 8.5
21.5 60 .4 -0.55 . 13.5 8.5
24 60 .4 -0.55 13.5 8.5
26.5 60 .4 -0.55 13.5 8.5
30 62.0 -0.55 13.5 6.0

33 62.0 -0.55 13.5 6.0

diffuseness of the nuclear surface parameters were

r =r ;=71 = 1.25 F (R A1/3)

os oi ¢ o

P
]

0.65 F and a . ='0.47 F.
os. ol

Parameters which are not mentioned in the table are zero and the
term VREI refers to the variation of the real potential with
. energy. The strengths of the potentials are negative in
magnitude.

For nettrons, the parameters were taken from Campbell

et al.(lzs) They used the poﬁential
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~ V(1L +i¥%)
V= - 2 : (A-44)
1+ exp[2(55 1 ,

The factor 5 = 0.06, when multiplied with Vo’ gives the strength
~of the imaginary potential. No spin orbit term was used, and

the absent terms in Table XXVI'are also zero.

Table XXVI

PARAMETERS FOR THE NEUTRON TRANSMISSION COEFFICIENT

v W R df2
(MeV) (MeV) (F) - (F)
52 3.12 (1.15 a3 + 0.4) 0.52
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Sl U STATEMDONT

SIBFTC MALN

G CUPTICAL MUl TRANSHISSION COLFFICIENTS
D AENSTUN VR{501) ,VS{501}14yVC{501),VI(501),VISS(50L),USM{501),USP(
ldl)yrJ(’JJO),FNIIOU) .
COMPLEX ZSP,ZSMsUSHUSPyUENMY ¢ DENMZFLSM,FLSP ETALSM,ETALSP,CLLSL
1, C)LﬂLZ,LuPXleCGFXLZ
CUMMUN/H/ELLO0) G100} ,FD,6D

431 REAU(5,1)

1 FOMAT(IT7 2
1 H
x’(t\U(by )f‘n! 7L'AX71[IP$‘,5,ES LLP,CN‘:R(:Y,PM ™
o] FORMATIZ2134129F4.043F3.0,F5.0, 2FiC. O)
FEADIS,3IR1, AL 24429 RC,REUZMN
3 FORMAT(5F10.0.13)
ReAU(D+4)IVREZVIS,VIV,VSR
[ FORMAT(4FLULD )
READ(S, TIVRELZVREZ,VIS1,,VIS2,VIVLI,VIVZ
7 FURMAT{HF1U.LD)

, WRITE(6H425)
25 FURMAT{IHL 20X s65HOPTICAL  MODEL  TRANSMISSION COEFFICIENTS, D,
" 1. SACHUEV PPROGRANM//)
WRITE({H.1)
IF{PMIQUOL,1014104
101 1F(Z2Z9)90024102,103
L02 PH=1.0086054
» Gu Ty 1064
103 PM=1.007276608
104 TRED=TM/{TH+PM)
IF(ES)106,105,106

105 ELADL=LNERGY
ECM=EL ABXTKED
GU TQ 107

LU6 eCH=ENEXKGY
ELAD=ECM/TRED

107 REDM=1.68034%PMxTRED
Wk =SURT{3.2042%REDMSECM)
WNK=WNK/10.545
PLSO=51.415926536 /7 {WNKwrNK) -
IF{Z4P)Y108y109,108

108 ETA=SQRTIIPMAL .6604343/(3.2042%ELAB)Y Y

-

ETA={0.480250%C.480296%ZLP*ETA)/1.0545,
ou 1O 114 '
1d9  ETA=0.0

§]
1l 1F(MN)110,111,110 ¢
‘ Al3=TM**(0, 33333333
Ri=R1%A13
2T 2FAL3 .
IF{LIPILlo6,11T7y116
116 R{G=R{%413
Gu T 11t
117 RKRC=w.0
111 1r{RCUY113,112,115
Lie RUVERAMANI{RLI+5.%A1,32+45,%A2)
Gu TO 115 '
113 RCuU=RI=-rRCU*AL



115

i2
11
15

14

15

20

1o

17

By

Y

214

141

142
Léd
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SOLRLY STATEMENT

X=ulhK= 00
Wkl Te(H,y12) P, Ty FLABLECH _
Fiebi AT UIHU 92X g TORPFROYD MASS=E156842X93HAMU,3X, 1 2HTARGET MASS=E1S5.6,

CLZRyIHAMU 33Xy S HELAR=EL5. 842X 9 3HMEV » 3X 3 4HECH=E 1589 2X43HMEV /)

WRiITE(o, ll)VKL)V!\ClgVREZ,VISyVI§11VISZ

FURMATILIHD 45X 4 4HVRKE=FTo3 54X 35 HYRE1SFT7e394XySHVRE2=FT.3,4X4HVIS=F]
1e314X4951ViS1l=FTe344X,5HVISZ=FT.3/)

WRITE(6,133VIV,VIVL,VIV2,VSK

FORMATULHG y Y X 9 4HVIVEFT43,4Xy5HVIVLI=SFT43,34XSHVIV2=FT.3,4X,4HVSR=F]
1e3/)

WRITE(O,)14)R1 441 ,4RC :

FURMAT(LHDy L7THREAL WELL RADIUS=E15.8,2X, 6HFERMIS,3X,22HDIFFUSENESS
] REAL=WELLZEL15.689 2K 6HFERMIS ) 3Ky LAHCHARGE RADIUS=FE1548,32X 6HFERMIS
/)

WRITE(6,15)IR2,A2,KC0

FURMAT(LHO 4 1SHIMAG. WELL RADIUS=EL5.8,2Xy)06HFERMIS,3Xy 23HDIFFUSENES
1S [AAG. WELL=EL15.892X s SHFERMISy 35Xy L2HWELL CUTOFT=E15.8,2X, 6HFERMIS
2/)

WA 1T E{oy 20 INMP,S$22ZP, PLSE

FURMAT{1HO, 22 HNUMBER OF MESH PUINTS=I13,5X,14HSPIN CF PROJ.=F5.1,5x
Ly 13HCHARGE PRUDUCT=F6.1,4X45HPLSO=E15.8/)

WRITE{G, 163X, FTAWNK :

FORMATILHG 91O A4 HEHOSELS e 8y 15Ky 4HETASE15.8 315X LA4HWAVE NUMBER K=E]
15464 2XyIHIN-FERMIS/) ’

TCS=0.0

VRE=VRE+VRELRECM+VREZ2%ECM
VISSVIS+VISLRECM+VISZHECHM

VIVEVIVHVIVIRECN+VIV2%ECM

WRITE(SH,1T7T)VRE,VSR :
FURMATTUIHO 21 HREAL PUTENTIAL DEPTH=EL15.8,2X,3HMEV,3X,32HREAL SPIN-
LORBIT POTENTIAL CEPTH=EL5.8,2X,3HMEV/)

WRITE (6, 18IVIS,VIV _
TFORMATILAD30NSURFACE IMAG. PUTENTIAL DEPTH=E15.8,2X,3HMEV,10X, 25+
IVOLUME 1MAG. PUTENTIAL DEPTH=EL1S5.842X,3HMEVS)

WRITE(H6,21)

CURMATIIHG 2X 91HL 95X 3 1HJ 98X 9 3AATLM,6X 3 16RPARTIAL CS MBARNy4Xy LHJ, 8X
1y3HTLP 4 Xy LO6HPARTIAL €S MBARN,4X,9HCSL MBARN,5X, 14HTOTAL TS MBAKN,
23X, SHERUNSKIAN) :

IF(NMP=50)141 41414142

FNME=NMP

NAPETEIX(FNMPEX)

FNNPENYP
GU TG 144

FiumpP=inmp

NHP1=NMP+1 .

FNMPI=NNPL

NisPul=NMP-1

FirpPHL=NMPMl

DeLTARSRCU/FNMPM]

DELTAX=LNKE#DLELTAR

REAL  SAXGN PUTENTIAL

R=0.0 '

JU 190 I=1,NMP

EXLl=(R=-R1)/A1

[F{EXNL=50.0)147,1406,146



175
136
135
137

[P
Uy
-~ o« W

ey

bt
-~ \5
o

O

159
169
161

St G LDTATEAENT

v {l)=5.0
GJd TC 150

ITTEXRI+50.0) 146,148,149

VRA{T ) ==VRE
G TG 150

Vil ==VAE/ (L. .CreXP(EXL:)

R=x+DELTAR

SEPIN UrBIT PUOTENTIAL

IF(SYlz8,126,12¢8
DU 127 I=2 NP
VS{11)=0.0

Gu 10 129

N=de 0

B=—2,.741

LL 151 I=24NMP
R=r+DELTAK
fis==Vin {1 J/VRE

VS(11={o¥{eS—0S»x2) ) /K

14 CINARY PUTENTTAL

IF(VIVYITI32,135,133

R=G.0C
DG 136 1I=1,NHP
FErRZ={Rk=n2}/A2

IF{EX2=50.0)3172,171,171

VI(I)I=0.0
GU 1y 136

FIEX2+50.0) 17441 74,1

VIi{l)==V]V
Gu Td 136

1{1)==VIV/{1.0+EXP{EX2))

&=3+U’LTAm

3

Dy 124 I—J,ulP
EXB=EXKP(—={{(R
VISS{L)=0%EXS
RERYDELTAR

GU T 150

L=U.C

Ba=VISu4g, 0

D3 155 ‘f:-].yn\ur
EAG=EXP{{R-022)/4A2)
VISsST{I)={3
HeEr+DELTAR

IF (VIVILILT 156,15
Vi{1)=VI{I}+ViSSI(]
Gu ?U 129

O 176 1T=1s0MP

Vi(i)=VISS(.)

Cuaub Uiy PUTENTIAL

PF{L4PY1604,180,1060
PF{rRL-KCA)lolyl6l,
R=0,.0

31659858308 T%LLP

(11 “*’}l)/ylb‘/,ljﬁ

2G0Y

75

RZ2I/AZ)%%2))

204

hAﬂ)/{1.0+EX4)**Z
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SOURCE STATEMENT

Bl={1.5%B)/RC
82=(0.5%B) /RC#¥3
. KG=IF IX{ (RC*FNMPM1)/RCO+1.5)
DO 162 I=1,KQ
VCLI)=BLl-B2%R¥%2
162 R=R+DELTAR
IF{RC-RCG)163,180,9009
163  KQ=KQ+1l
DO 165 1=KQ,NMP
| VC(1)=B/R
165 R=R+DELTAR
DO 170 I=1,NMP
170 VR{IJ=VR{IJ+VC{I)
180 CLMAX=1,5%X+5.0
LL=IFIX{CLMAX)
LL=MAXO{LL ,LMAX)
IF(Z2P)299,300,299
300 FN{1)=—COS{X)/X
FNL2)={FN{1)=SIN{X))/X
IF(LL-2)720,720,702
702 FJO=SINIX)/X
LX=MAXO{LL+30,65)
FI{LX+2)=1.0E-10
FJ{LX+1)=1.0E—10% (2. 0%FLOAT(LX+1)+1.0)/X
L1=LX+1
DO 705 I=1,LX
11=L1~I
Fll=11
FJUI1)=FJ(I1+1)%{2.0%FI1+1.0) /X~FJ{I1+2)
IF(FJ{I1)~1.0E+25)705,705,707
705 CONTINUE
GO TO 710
707 DO 709 I12=11,LX
709 FJ(I2)=1.0E-10%FJ{12)
G0 TO 705
710 RENORM=FJO/FJ (1)
DO 712 1=1,2
712 FJLI)=FJ(I1)*RENGRM
Ll=LL+]l
DO 715 I=3,L1
FJ{T)=FJ{I)*RENORM
RI=1 - |
715 FN{I)=(2.0%RI-3.0)*FN(I-1)/X-FN(I~-2)
6G TO 301
720 FJ{1)=SIN{X)/X
FI12)={FJ(1)-COS{X)}/X
GO TO 301
299 ETASQ=ETA%ETA
ETA2=ETA%2.0
IF(ETA-4.0)1101,1140,1140
1101 CALL ASYMP(ETA,X)
60 TO 1500
1140 IF{ETA-10.)1145,1150,1150
1145 IF{X-10.)1190,1150,1150
1150 IF(ETA*ETA+4.0%ETA+3.0-(12.0%X)/5.0)1101,1160,1160
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STurCeo STATLNEN

HEQ LR (e TA=(15.0%X)}/30.0+53.5)1170,1170G,1180C
70 Jall f”iiC/«.“(Ld/ﬁy)\)
o T0 150u

Lise 19 (ETA={2.,0»X)/5.0-3.0)1160,41200,1200
1020 CALL TRANSL{ETAyX)

LU T 19500
1200 CALL RICATI(ETA,,X) ,
1500 G{2i={{ L O/ X+ETAI»G{L)=-0GD)/SUnT(1.0+ETASW)

Li=iL+1

IF{LL=2)187594575,571
571 Div H7¢ =_‘) LL

FL=1-2
572 OH{1)=({Z20%FL+]1 0)#(ETA+FLR{FL+1.0)/X)%G{{-1)~(FL+1.0¥%SQRT{FL#%*2

LeTasSQi=G(I=2))/FL/SQRTI{FL+1.0) %2+ ETASQ)
575  LX=MARXU(LL¥304L5)
FLLX+2)=0,
FILA+1)=1.0E-10
DO 78 I=L,Ln
pl=LX-1
FL=1i+1i

F(I‘+‘)—((2.0“ri+l Oy {ETA+FLS(FL+L.CY/XINF{IL+2)-FLH*SOQRT({FL+1.0
""" RZHETASQYRFLLII+3 )/ (FL+1 0 )/ SQRTIFLER2+ETASD)

Ia(r(IL+l)—l.Elé) 57695764576
576 40 577 I2=11+LX
577 Flid+1)Y=1.0E-22%F112+41)
578  CUNTINUE
' RthhM= WRT{LOFETASQ)R{F (L) %G{2)=-F{2}*G(1))
NG 580 11=1,LX
3 ;(Il)—F(E‘)/AFFUQ“
kb—(l O+F(1)%G0Y/601)
ETAX=E£TARQ+10.0
SIGO=—uTA+E TA/ 2. 3ALECG{ETAXY #3.5%ATAN{ ETA/ 4 ) —{ATAN(ETAY+ATAN{ETA/
LG FATANIETA/3.G) )= TA/ 12 0/70TAXS{ L O+ ETASU—48.0)/30.C/ETAXR%2+{
CTAME4=]160.xETASG+1280.3 /1065 0/ETAKS %4 )
CALPHAL=ATANTETA)
SIOL=5100-ALPHAL

S

53

301 D0 420 =0,0LL
Fl=tL
IF(Z2ZP)302,3004302

502, FAL=F({L+1])
GAL=G L+ L)

SLS=FL+1 .0 .
ALPHA=ATANIETA/SLS
STOHL=SIGL+ALPHA
SIG2L=2.0%5iGL
CSIGZL=00LS{S1G2L)
SSi1GlL=SiN{SLIGZL)
IF(L)304 4,303,204

503 FuL=F{
GLL=GD
Gu T 310

504 DUL={SuUATIETARCTA+FLRTLYI/FL
DL2=iTA/FLyrL /X
FoL=DLLlsF{L)=ul2=F{L+1)
VOLELL L0 =Dles=L{L+1)



305
306

307
310

181
182
185

186

187

188
191

5015

5017
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" SOURCE STATEMENT

GO TO 310
FXL=X*FJ(L+1)
GXL=—X*FN{L+1)

IF{L)307+4306,307
FDL=GXL
GDL=—-FXL
GO TO 310
FOL=X%FJ{L)-FL®*FJ(L+1)
GOL==X*FN{L)+FL¥FN{L+1)
RON=FDL*GXL-FXL*GDL
SL=X/{FXL*FXL+GXL*GXL)
DELTAL=SL*{GXL*GDL+FXL*FDL)
CGFXL1=CMPLX{GXL —~FXL)
CGFXL2=CMPLX(GXL,FXL)
CDLSL1=CMPLX(DELTAL,-SL)
CDLSL2=CMPLX(DELTAL,SL)
INTEGERATION OF SCHRODINGER WAVE EQUATIDN
USM{1)=CMPLX{0.040.0)
USP(1)=CMPLX{0.0,0.0)
USM{2)=CMPLX(1.0E=-8,1.0E-8)
USP{2)=CMPLX{1.0E=-841,0E~8)
DO=DELTAX*#*2

D1=DO/ECM
D2=2.0-DO
FL1=FL+1.0
D3=FL*FL1%D0

IF(S)182,181,182

$0=0.0
GO TO 185 .

SO=FL*VSR*D1

SOM=-FL1%VSR*D1
DO 187 I=1,NMPM1

X=FLOAT(1)*DELTAX
DR=D2+D3/ X#%24D1*VR(I+1)
DI=D1%VI(I+1)

DR1=DR+S0%*VS{I+1)
ZSP=CMPLX(DR1,DI)

IF(S)1864187+186
DR2=DR+SOM*VS (I1+1)
ZSM=CMPLX(DR2,D1)
USM{I4+2)=USM{TI+1)%ZSM-USM{I)
USP{1+2)=USP{I+1)%*ZSP-USP(I)
IF(S)188,189,188

IF {(L)191,189,4191
DENM1=(2.0%USM(NMP) ) /FNMPM1
FLSM=(USM{NMP1)-USM{NMPM1))/DENM1 .
ETALSM=( (FLSM-CDLSL1)*CGFXL1)/{(FLSM-CDLSL2)*CGFXL2)
ETAREM=REAL({ETALSM)
ETAIMM=AIMAG(ETALSM)
IF(ZZP)501545017,5015
ETAREL=ETAREM*CSIG2L~ETAIMM%SSIG2L
ETAIM1=ETAREM*SSIG2L+ETAIMM*CSIG2L
ETAREM=ETARE1
ETAIMM=ETAIM1

ansx 0~(ETAREM**2*ETAIHM**2)
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‘SOURCE STATEMENT

CS1=PLSQ*FL%*TLM -
SJ1=F L-O Y 5
. GO TO 192
189 TLM=0.0
€S1=0.0
$J1=0.0
192 DENM2={2.0%USP(NMP))/FNMPML
' FLSP={USP(NMP1)-USP(NMPM1))/DENM2
ETALSP={ (FLSP-CDLSL1) *CGFXL1)/{ {FLSP-CDLSL2)*CGFXL2)
ETARE=REAL{ETALSP)
ETAIM=AIMAG(ETALSP)
1F(22P)5019,5021,5019
5019 ETARE2=ETARE*CSIG2L-ETAIM*SSIG2L .
ETAIM2=E TARE*SSIG2L+ETAIM*CSIG2L
ETARE=ETARE2
ETAIM=ETAIM2
5021 TLP=1.0-{ETARE®%2+ETAIM*%2)
SJ2=FL+0.5
IF(S)1193,194,193
193 CS2=PLSQ#FL1*TLP
CS=CS1+CS2
GO TO 195
194 (€S2=0.0
CS=PLSQ*{2. O*FL+1.0)*TLP
195 TCS=TCS+CS
400 WRITE{658113)LySJLlyTLMsCS19SJ2sTLPyCS2,CS,TCS,RON
8113 FORMAT(1lHOs1Xy12,2X9F5e192XsF11e892X,E15, a,zx,Fs 1,2XyF11.892X,E1
1.8492X9E15.892X9EL15.852XyF11. 8)
GO TO 401
9001 WRITE(6,31)
31 FORMAT(12X,25HERROR MESSAGE PM NEGATIVE)
G0 TO 9999
9002 WRITE{(6432)
32 FORMAT(12X,37HERROR MESSAGE CHARGE PRODUCT NEGATIVE)
( GO TO 9999
9009 WRITE{6,33)
33 FORMAT (12X,23HERROR MESSAGE RC .GT RCO)
9999 CALL EXIT
i END

SSAGES FOR ABOVE ASSEMBLY
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SOUKCE STATEMENT

$1BFTC SP1

1102
1110

1115

1120
licl

1125
585

1i26
1135

SUBRUUTLNE ASYMP(ETA,X)

DIMENSLIUN AA(31),BA{31)+sSA{31),TA{31},PA{31)sQA(31), SUMS(31),SUMT(
131)SUMP(31)45UMQ(31)
CUOMMON/W/F{100),6(100)+FD,+GD
IF(X-ETA-8.0)1102+1120,1120
IF(X-ETA)11154111G,1110

N=IFIX{X=ETA)

NTM=1U%*{9—-N)+1

RUO=FLUGAT (9-N)

X1=X+RD

H==0.1

GU TO 1121

N=IFIX{ETA-X)

NTM=10*(N+9)+1

RD=FLUGAT(9+N)

X1=X+RD

H==0.1

GU TG 1121

X1l=X

ETASW=ETA*ETA

DO 1125 N=1,25

RA=N-1

SA{1)=1.0

TA(1)=0.0

PA{1)=0.0

QA(1)=1.C—-ETA/X1

SUMS{1)=1.0

SUMT(1)=0.0

SUMP(1}=0.0

SUMUI(1)=1.0-ETA/ X1
AAIN)={{2.0%RA+1.0)%ETA)/{2.0%X1¥{RA+1.01})
BAIN)={LETASG=RA®{RA+1.0))/(2.0%X1%{KA+1. 0))
SAIN+1)=AAIN)I*SA{NI-BA(N)Y%XTA(N)
TA(N+1)=AA(N)*TAIN)+BA{N)*SA(N)
PAa(N+1)=AAIN)*¥PAIN)-BA{N)ZQA{NI-SA{N+1) /X1
WA(N+1)=AA{N)*=QJA(N)+BAIN)®PA(N)I-TAIN+1)/X1
SUMSIN+1)=SUMSIN)+SA{N+1)
SUMTIN+L)Y=SUMTIN)I+TA(N+1]}
SUMP{N+1)=SUMP(N)+PA(N+1)
SUMQIN+L1)=SUMG(N) +QA(N+1)

ETAX=£TASQ+16.0 ,
SIGO==ETA+ETA/ 2. %ALGGLETAX) +3.5%ATAN(ETA/ 4. )= (ATAN(ETA)+ATAN(ETA/2
LeO)+ATANIETA/3.0))-EYA/12.0/7ETAX*{140+{ETASG=48.0)/30.0/ETAX*¥2+{E
STA*%4=160.%ETASQ+1280.)/105.0/ETAX*%4)
Z=ALCG(2.0%X1}

THETAQO=X1-({ETA*Z2)+SIGO

XA=COS{THETAO)

YA=SIN(THETAQ)

FL1)=SUMT(20) #¥XA+SUMS{26) *YA

G(l)=SUMS{206} *XA-SUMT(26) %Y A
FU=SUMQ{Z6)%XA+SUMP(26) *YA

OD=SUMP (20)%XA=SUMJI(26)%*YA
RCN=FD=G(1)-F(1)}*GD

IF{X-X1)112641135,1126

CALL INTEG{HyNTMsETAsXyX1)

RETURN

END
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SOURCE STATEMENT

$IBFTC SP2

¢

SUBROUTINE RICATLI(ETA,X)

CLULUMB WAVE FUNCTIGN CALCULATIONS BY RlCATTI METHOD FOR RHO LT 2E
COMMOUN/W/F{100) ,G{100) FD+GD

X1=X

T=X1/(2.0%ETA)

72=T1+7

T3=T2%T .

T4=T2%T2

T5=T4%T

T6=T3%73

T71=T6%T

T8=T4*T4

19=T8%*7T

T10=T5%TS

TM=(l.-T)

TM2=TM*THM

TM3=TM2*THM

TM4=TM2%TM2

TM5=TM4GXTH

TMo=TM3%TM3

TMT=TM6%TM

TMB=TM4*TM4

TMO=TM8% M

TMLO=TM5 %TM5

P=SQRT{(T*TM)

A=SQRT(T)

S=ARSIN{Q)

V=ALCGIT/TM)

GO=P+S5-3,1415926536/2«

Gl=V/4.

G2=={ 8 ¥T2Z=12e*T+9.3/(48.%P%TM)

C3={B6.%¥T-3.)/{64.%T%TM3)

G4 (2048 e%T6=9216.%To+16128.%T4-13440.%¥T3-12240.%T2+7560.%T-1890.)
1/7(921606%P%*T%TM4 )
GH={3e%[1024e%T3-448.%T24+208.%T=39.))/(3192.*T2%TM6)
G6=={262144.%¥T10—-1966080.%T9+63897060.*T8—-11714560.*T7+13178880.%T6
1-G225216.%T5+13520640.%T4-3586480.%T3+2487240.*T2-873180.%T+130G77
2e )/ (10321920.%P%T2%TM7)
G7={1105920.%T5-552G6.%T4+314624.%T3=159552.%¥T2+45576 % T~569T7.)/(3
193210.%T3%THM9)

ob0=¢/T

GULI=1./{4.%T*TM)

GD2== (B ¥T=3,)/(32.%P*T%TM2)

GU3={3.%({8.%T2~4.%T+1.))/{64,%T2%TM4g)

OU4==(1536.%T3~T704. *¥T2+336.%71—03.)/12048.%P*T2%TM5)
GOL={3.%(2560.%T4-832.%T3+728.%T2-260.%¥T+39.))}/(4096.%T3%TMT7)
GUO=({=3068640.%T5-307T20.%T4+114944.%T3-57T792.%T72+16632.%T-2079.)/16
15536 %P%T3%TM8)
GUT=(3.%(860160.%T6+1960608¢*%T5+308480%T4—~177280.%T3+73432.%T72-177
124.%T+1899.))/{131072.%T4%TM10)

R=2.*%ETA :
FIXO=0l+02/K+G3/{R¥x¥2)+G4/ (R&%¥J)+55/ (R¥%4 ) +56/ (REXDH)+GT/{R%*6)
SIX0=6i~ bZ/R+Go/(R¢¥2) G4/ (R¥%3)+G5/ (R*%4 )=Gb6/ (R¥%5)+GT/{R*¥%6)
FIO=R*%GU+F1X0
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SOUKCE STATEMENT

SI0=—R¥*GO+SIX0
DFIO=R*GDU+GD1+GD2/R+GD3/ {R*%2)+GD4/ {R¥*%3 ) +GD5/(R%%5) +GD6/ (R*%5) +(
107/ (R¥%x56) :
DSI0==R*GDO+GD1-GD2/R+GU3/ { R&*%2)=GD4/ {R%%3 ) +GD5/ { R¥%4)=GD6/(R¥*%5) +
1GD7/{Rx%6) :
XC=EXP(FI10)

F(l1)=XC/2.0

G{l)=EXP(SI0)

FO={F(1)%*DFI0)/R

GO=(G(1)*DSIO)/R

RETURN

END



C
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SUURCE STATEMENT

: $IBFTC SP3

SUBKUUTINE RICAT2(ETA,X)

COULGMB FUNCTIGN CALCULATIONS FOR L=04RICATTI METHOD RHO GT 2ETA

COMMGN/W/F(100) »G(100)4FD,GD

X1=X

T={2.0%ETA) /X1

T2=T*T

T3=T2%T

T4=T2%T2

T5=14%T

Te=T3%T3

T7=To*T

T8=T4%T4

TS=T8%T

T10=T5%75

TM=(1.-T)

TM2=TM*TM

TM3=TM2%TM

TN4=1M2RTM2

TM5=TM4%TM

TM6=TM3%TM3

TM7=TMOo*TM

TME=TMe%TM4

TNO=TMB¥ TM

TMLO=TH5%TH5

R=2.%ETA

R2=R¥R

R3=R2%R

R4=R2¥R2

R5=K4 %R

R6=R3%R3

R7=R6%R

RB=R4¥R4

RY=RB*R

R1O=R5%K5

G=SQRT(1.-T)

V=ALOUGI(1.=Q) /{1.+Q))

S10==(8.%T3=3.%T4)/(64.%R2%TM3) +{ 3. ¥T5%(1024.-448 .%T+208. %T2-39. %T
13))/(B192.%R4*TM6)~ (TT*(1105920.~55296.5T+314624.%T2-159552.%T3+45
2576.%T4=5697.%T5) ) /(3932164 %REXTMY)

FIO=(R¥(Q/T+V/2.))143.1415926536/4.=(9e %T2—12.%T+8,)/ (48 %% TM) = (
12048.-9216.%T+16128.%T2-13440.%T3-12240.%T4+7560.%T5-1890.%T6)/{92
2160 %R3I¥GETM4 )= (13097 7.%T10-873180.%T9+2487240.%T8-3588480.%T7+135
320640.%T6=9225216 .%T5+15178880.%T4~11714560.%T3+6389760.%T2-156608
40.%T+262144.0)/ (10321920, ¥R5%Q¥TMT)

A=Q/T24(8.%T=3.%T2) /{32 ¥R2¥Q*¥TM2) = (T3% (1536 .=T04 ¥ T+336. ¥T2-63 . %T
13))7(2048,%R4¥Q¥TM5 )+ ( T5%(368640.~30720.%T+114944 . %¥T2-57792.%T3+16
2632.%T4=2079.%T5) )/ (65536 . %Ro%(Q¥TM8)

B=lo/ {4 ¥RETM) = (3. %T24(T2=4 . %T+84) 1/ {64 FR3¥TM&) + (3. %T4%( 2560.-832
Lo ¥ T+728.%TZ=260.%T3+439.%T4) )/ (4096, ¥R5%TMT}~( 3 . %T6*{ 189G . %T6~ 17724
2.%T5+73432 . %T4—177280.%T3+308480.%T2+196608.%T+860160.))/(131072.%
3RT¥TMLO)

S=EXP(SI0)

UMS((1e/(1a=T))%%0.25)%S

SFI0=SIN(FIO0)



SUURCE STATEMENT

CFIO=COS(FIO0)
F(l)=UM%SFIOU
G(1)=UMXCFI0
GO=={T2%(A%F {1)+B%*G(1)
FO==—(T2%{B*F(1)=A%G(1)
RUNSAXUMRUMET 2

RETURN ‘

END

))
))

213
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SUURCE STATEMENT

. $IBFTC SP4
‘ SUBRUUT INE INTEG(H NTMsETA, x,xu
¢ COULCMB WAVE FUNCTIONS BY INTEGERATION

DIMENSIGN XR(100) 5YR(10G) sYLR(100)¢AR(4) ¢ BR(4),CRU4) \RR5 531, PRI5,
13),K(553) s STEPR(5,3)
CGMMUN/W/F 1100 16 (100) »FD1GD
I=1
XK(1)=X1
YR(I)=G(1)
YIR(I)=0D
SQRTHF=SQRT (0.5
AR(1)=0.5
AR(2)=1.0-SGRTHF
AR(3)=1.0+SURTHF
AR{4)=0.16666666
BR(1)=2.0
BR(Z)=1.0
8R(3)=BR(2)
BR(4)=BR(1)
CRUL)=AR(1)
CK2)=AR(2)
CRE3)=AR(3)
CRi4)=CR(1)
QR{1,1)=0.0
QR(1,2)=0.0
Qx(1+3)=0.0
ETAZ=2.0%ETA
2 J=L
k=1
RR(Ly1)=XR(1)
RRUL,2)=YR{I)
RR{Ly3)=YIR (1)
K=K+ 1
9 PRIK,1)=H
PR(KSZ)=HHKR{K=173)
PRIK(3)=H¥RR{K=1,2)%({ETA2/RR (K=1,1))=1.0)
7 STEPR(Ky J)=AR(K=1)%(PR(Ksd)—{ BRIK=1)¥QR(K~1,J) )
RR (Ky J) =RR{K=1,J) +STEPR{K,J)
QKK d)=aRIK=1,J) 43 0#STEPR (K d ) =CR(K=1)%PR{K,J]
IF(J-GE.3)60 TO 10
J=Jd+1
GG T0 7
10 u=1
LF(K.GE.5) GG TO 11
K=K+1
Gu TG
11 i=1+1
XR{1)=RR{5,1)
YRUI)=RK(5,2)
YIRII)I=RR(5,3)
WR{ly1)I=WR{5,1)
QR(1,2)=QR(5,2)
[ QR{153)=uR{5,3)
IF () L312,1312,1313
1312 [F(XR(I).LT.X)60 TG 20
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SOUKCE STATEMENT

: Gu TO 1314
1313 IF (XR{1).6T.X)IGU TO 20
1314 GU TO 2
20 G{l)=YRINTM)
GD=YLIR{INTM)
RETURN
END
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SUURCE STATLMENT

$13FTC SPS

C

551

560

565
580

SUBKUUTINE TRANSIETA,X)

COULOMSB WAVE FUNCTIONS SUBRUUTINE

COMMON /wW/FL1100)+sG{100)sFDyGD

ETASQ=ETA%*%2

ETAG=ETA*%(.166666667
Al={0.0495957017+0.00245519918/7ETASQ+0. 000253468412/ETASQ**2)/ETA
1%%1.,33333333
81=1.0-{0.0UBB8888E9+0.00091089581/ETASQ)/ETASQ
FILI=0.T70633264%ETAGX{B1—-Al)
GIl11=1.22340402%ETA6%{B1+Al)
A2={0.172826037+0.00358121485/ETASQ+0.000907396643/ETASQ*%2)/ETA%:
10.66666667 '
B821let{0.000317460317+0.000311782468/ETASQ)/ETASQ.
FU=0.408695732/ETA6*(B2+A2)
GD==0.,70788l773/ETAO*{B2-A2)

X1=2.0%ETA

D=X-X1

IF{D)>5b1,580,560

D=ABS{DI

NTM=1FIX(10.%0+1.0)

TNM=FLUAT(NTM-1)

==D/TNM

GU TG b5u5

NTM=1FiX(1l0.%D+1.0Q)

TNM=FLUAT{NTM-1)

A=D/TNM

CALL INTEG(H,NTM,ETA, x X1i)

RETURN

END



SOURCE STATEMENT

$1BFTC MAILN

¢

TRANSMISSIUN CUEFFICIENTS USING SQUARE-WELL POTENTIAL

DIMENSIGON FJ{100),FN{100)

CUMMON/W/F{100)6{100),FDyGD

READI(5,1)

FORMAT(72H

1 )-

READ (593 )LMAXES+2ZZP,ENSTEPyENERGY y EMAX,yTM,yPM,RP
FORMAT(134F2.092F5.045F10.0)

WRITE(O+4)

FURMAT(1HL,115HCONTINUUM THEORY CROSS SECTIONS AND TRANSMISSION CO

- LEFFICIENTS USING BLATT AND WEISSKOPF ASSUMPTIONS—==-- D.R.SACHDEV/)

150
151
152
153
15>
101
102
103
104

110

114
105

106

107

108

109
120
121

WRITE(6,1)
IF(ENSTEP)90014+150,150

IF(TM)9001,9001,151

IF(RP)YCOL,9001,152

LELENERGY)IS0CL,9001,153

IF(EMAX)9001L,155,155

IF(PMI90U1,101,104
WNKGSQ={(19.0%3.1415926536)/8.0)%%0.66666667) /(RP*KP)
RS=RP*(TM¥%0,33333333)

IF(22ZP)9001,102,103

PM=1.0086654

GO TO 110

PM=1.C07276608

GU TO 110

WNKOSQ=1.0

RS=KP¥*{ ( TM*%0.33333333) +{ PM*%0,33333333))
WKITE{6,5)PMy TM,RP,ENSTEP 22 |

FURMAT(2X510HPROJ MASS=E15.8:2Xy3HAMU,3X, L2HTARGET MASS=E15.8,2X,3
1HAMU y 3X 9 3HRO=F5.2 35Xy 12ZHENERGY STEP=F8.5,2Xy3HMEV3X,4HZZP=F6.0/)
TRED=TM/ (TM+PM)

IF(ES)L0&,1G5,106

ELAB=ENERGY

ECM=£LAB*TRED

6G TG 107

ECM=ENERGY

ELAB=£CM/TRED

REDM=1.066034%*PMXTRED

WNK=SQRT (3.2042 %*REDM*ECM)

WNK=WNK/ 104 545

X=wWNK#RS

WNK S Q= WiN KEWNK ,

PLSU=31.415926536/WNKSQ
CWNKI=SURT(WNKOSG+WNKSE)

RK=WNKI*RS

IF(2ZP1108,109,108
ETASSQRTI(PM#1.660434)/(3.2042%ELAB))
ETA={0.480298%0.480298%ZZP*ETA)/1.0545

Gu TG 120 '

ETA=0.0

WRITE (64121 )X ,ETAWNKELAB, ECM

FORMAT (5 X y 4HRHG=E 1546 92X s 4HETASE L5489 2X y L4HWAVE NUMBER K=£15.842X,
L5HELAB=F 743y 3HMEV y2Xy 4HECM=F7 .3, 3HMEV /)
CLLSAMINLILo5%X+1 oUsX=ETA+6.091e34%(X=2.0%ETA+20.0G))
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SOUKCE STATEMENT

LL=1F1X{CLL)
LL=MAXU{LL,LMAX+0)
IF{2ZP)299,300,299
300 FN(L)==00S(X)/X
FN(2)={FN{L1)=SIN(X))/X
IF(LL=2)720,72C,702
702 FJIO=SIN{X)}/X
LX=MAXO(LL+30,65)
FJ{LX+2)=1.0E~10
FJLX+1)=1.0E-10%(2.0%FLOAT(LX+1})+1.0)/X
Ll=LX+] '
DO 705 I=19LX
Il1=L1-1
Fll=l1l
FUlil)=FI(I1+1)%(2.0%F11+1.0)/X~-FJ(11+2)
IF(FU(11)-1.0E+25)705,705,707
705 CONTINUE
GU T0 710
707 DG 709 I2=114LX
709 FJ(12)=1.0E-10*FJ(12)
G0 TO 705
710 RENORM=FJO/FJ (1)
DO 712 I=1i,2
712 FJ(1)=FJ{1)*RENORM
Li=LL+1
DG 715 I=3,L1
FJ(I)=FJ{1)*RENORM
Ril=]
715 FN(1)={2.0%RI=3.0)*FN{I-1)/X-FN(I~-2)
GU TO 122 - ‘
720 FJI{1)}=SINIX}/X
FI(2)={FJ{1)-COS(X)I/X
- GUL TO 122
299 ETASQ=ETA*ETA
ETAZ=ETA%2.0
IF{ETA=4.0)1101+1140,1140
1101 CALL ASYMPLETA,X)
GU TU 1500
1140 IF(ETA-10.31145,1150,1150
1145 [F{X—10.31190+11504+1150
1150 IF(ETA¥ETA+4.0%ETA+3.0-(12.0%X)/5.0)1101,1160,116C
1160 ITF(ETA-{13.0%X)/30.0+3.5)1170,41180,1180
1170 CALL RICATZ(ETALX)
GU TG 1500
1180 IF(ETA-{3.0%X)/5.0-3.0)1190,1200,1200
1190 CALL TRANS(ETA,X)
GU TG 1500
1200 CALL RICATL(ETA,.X)
1500 o (2)={1{1.0/X+ETA}*G(1)-GD)/SURT(1.0+ETASQ)
Li=LL+l
IF(LL=-2)575,575,571
571 DO 572 1=3,LL
FL=i=2
572 o{l)={{2.0%FL+1.0)*{ETA+FL®{FL+1.0)/X)*G{I-1)~{FL+1.0)®SQRT{FL*%2+
LETASCI*G(LI=-2) ) /FL/SGRT{({FL+1.0)*%2+ETASQ)



575

576
5717
57y
580

122
27

306

307

316G

460
25

157
160
18
129
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SOURCE STATEMENT

LX=MAXU{LL+30,65)
FILX+2)=0.

FILX+1)=1.CE~10

DO 578 I=1,LX

Il=LX~-1I

FL=I1+1
FULL+1)=((2.0%FL+1.0)%(ETA+FL*{FL+1.0)/X)*F{I1+42)~FL¥*SQRT{(FL+1.0}
L% 24+4ETASQI*F{I1+3))/(FL+1.0)/SQRT{FL*%2+ETASQ)
IFLF(ILl+1)-1.E14) 57845764576

D0 577 12=11,LX

FLI2+1)=1.0E=22%F(12+1]1)

CUNTINUE
RENURM=SGRT(1.0+ETASQ)*{F(1)%G(2)-F{2)*G{1))
DU 580 1l=1,LX

FIIL)=F(I11)/RENDRM

FUO=(1.0+F(1)*GD)/GLL)

WRITE(6,27)

FURMAT(LHO+5X yLHL y 6X 9 9HWRONSKIAN, 10X, 2HTL 99X 16HPARTIAL CS MBARN, 6
1Xy14HTOTAL CS MBARN/)

SUMCS=0.0

DG 4C0 L=0,LL

FL=L

IF(24P)302,305,302

FXL=F{L+1)

GXL=G(L+1)

IF(L)304+303,304

FOL=FD

GDL=LD

GO TC 310

DCL=( SQRT{ETAXETA+FL*FL))/FL

DC2=ETA/FL+FL/X
CFDL=DCL*F{L)=-DC2%F({L+1)
GOL=DCLl*G{L)=DL2%GIL+1)

G0 TC 310

FXL=X*FJ{L+1)

GXL=—X*FN(L+1)

IF(L) 30743064307

FDOL=GXL

GDL=-FXL

U YO 31¢

FLL=X¥FJ({L)=FL¥FJ{L+1)

GUL=—XXEN(LI+FLEFN{L+1)

RUN=FDL*GXL-FXL*GDL

SL=X/{FXL¥*F XL+CXL*GXL )
DELTAL=SL*{GXL*GDL+FXL*FDL)

TL={4.0%RK*SL) /{DELTAL*DELTAL+{RK+SL)*{RK+SL))
CS=PLSU*TL*(2.0%FL+1.)

SUMC S=SUMCS+CS

WRITE(6925)L9yRUNsTL9CSy SUMCS

FURMAT(LHU 14X 3I1395X1F11e835XsF11e895X9E15.8,5X4E15.8)
IF(ENSTEP)157,104157

IF(EMAX) 900199001 4,160
IF{EMAX-ENERGY-ENSTEP)126,129,129
IF{EMAX-ENERGY) 131,131,130 -
ENERGY=ENERKGY+ENSTEP



‘i

130

9001
31
131
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SOURCE STATEMENT

GU TO 114

ENERGY=EMAX

GU TO 114

WRITE{(6431)

FCRMAT{L1HOs46HERRUGR MESSAGE-—-DATA CARD NOT PUNCHED PROPERLY)
GU TU 10 ;

eND





