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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 inelastiè 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 chance of occurrence of 

the latter two processes, in the range of energy and for the 

target nucleus under investigation, is 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 
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solutions of which could be worked out. In other words, one 

constructs a madel, 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, is 

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 

0 
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. 
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I-2. COMPOUND NUCLEUS MECHANISM AND 
STATISTICAL MODEL 

When Bohr(l) proposed his compound nucleus model, 

Bethe(
2

) 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 nucleus 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 energy (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 thau 

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 
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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 is 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,y) reactions of many elements show clearly that 

excited states at lower energies are quite sharp and relatively 

widely spaced. The mean life-time of the compound nucleus 

could be calculated by using the width of the resonance line in 

Heisenberg's uncertainty principle, i.e. 

T= ~- (1) 
Î 

. -14 -15 
These life-times are found to be about 10 - 10 seconds 

compared to 
-18 

10 seconds required for a thermal neutron to 

cross a medium weight nucleus. The partial width for decay 

into a particular channel J is denoted byrJ and is related to 
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the total width by the relation 

( 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, sorne of the 

channels which were prohibited due to ba~r{ers (centrifugai 

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 90° 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, energy, angular momentum, etc. ,( 4 ) Under this 

assumption there are no phase relations between the various 
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contributing states. If one further assumes that the width of 

the incident energy bearn is larger thau 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. The se 

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 

detailed balance. ( 3 , 4 ) According to this principle, the 

transition probability from a state 'a' to a state 'b' P is • ab 

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

state 'a' by the relation 

where and 

p = 
ab 

wb p* 
ba 

wb denote the density of states for the state 

and 'b' respectively, and the asterisk on Pba indicates the 

time-reversed transition, i.e. transitions in which all 

(3) 

, a , 

velocities and angular momenta have changed signs. The phase 

space considerations then lead to the desired results; and the 
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probability PY( €,Ec) per unit time for the emission of a 

particle v with channel energy between e and ~+ d~ from a 

compound nucleus with excitation energy E is given by 
c 

where 

(2s..y + 1) 
= 

:;/ 113 

~ = reduced mass of the emitted particle and 

residual nucleus system, 

(4) 

& = channel energy or kinetic energy of the 

relative motion of the emitted particle and 

residual nucleus in the centre-of-mass 

system, 

s~ = spin of particle V [(2sy + 1) is the 

statistical weight factor], 

Ef = excitation energy of the residual nucleus, 

cr))( €. ,Ef) = inverse cross section for the capture of 

particle 'V with relative kinetic energy e 
by the residual nucleus at excitation 

energy Ef' and 

W (Ef) and w (Ec) = density of states for residual and compound 

nuclei at appropriate excitation energies. 

The total probability per unit time for emitting 

particle ~ , is obtained by integrating (4) over its energy 

s p e c t r um , i . e . 

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

(5) 

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

their corresponding energy spectra. The cross section for the 
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emission of particle 'V' is then obtained by finding the 

relative probability for the emission of this particle to all 

others, and multiplying r:it' with cr ( é ) , the cross section for 
c a 

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

channel energy c · c;;..a' and is given by 

cr(a,))) cr(€.) c a 

i 

Necessary limits for integration of equation (5) and similar 

equations, due to all other particles, are determined by 

potential barriers, separation energies and energy spectra of 

these particles. It may be noted that equation (6) has been 

derived for the evaporation of a single particle 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, 

(6) 

equation (4) is modified to give rate of emission of particle~ 

from a particular angular momentum state J of the compound 
c 

nucleus of excitation energy E to the residual nucleus of a c 

particular angular momentum state Jf and excitation energy Ef 

as(5,6) 

R(E ,J , f ,Jf)d~ c c 

(2sv + 1) 
(7) 
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where the density of states in this case corresponds to a 

particular angular momentum Je or Jf at appropriate excitation 

energies; and the inverse cross section also refers to 

particular angular momentum states besicles 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 J and excitation energy E as 
c c 

"Çc E , J ) 
--~c. c = ( 8) 

w(E ,J ) 
c c 

The summation over Jf is performed in orcier to take into account 

the probability of decay from a given state Je to any state Jf. 

The cross section for the emission of particle V from a 

particular spin state J is obtained by multiplying the relative 
c 

probability for the emission of particle V as compared to all 

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

for the formation of a compound nucleus with spin J at 
c 

excitation energy E . This is therefore given by 
c 

~(E 'J ) 
crJ (a,))) = cr ( €. 'J ) c a c 

c 
i r (E ,J ) . c c 
i 

l. 

( 9a) 

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

all compound states is given by 

cr(a,'V)= Z. 
J 

c 

~( E 'J ) 
--- c c ( 9b) 
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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(l) 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 particular reaction product, is easily understood according to 

the afore-mentioned assumptions. These graphs are called 

'Excitation Functions' and forma major part of this work. 

I-3. ]XP]~IM!NTA1_Y!~1Ilf~TIQB_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 
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neutron reactions and typica1 1ife-times, as ascertained from 

resonance widths, 
-15 -16 

are found to be 10 to 10 seconds. 

Ericson(S) has inferred approximate life-times of the 

excited states in a region between 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 

energies, occur with a period of r = 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 

b 5 k V d . . l'f . f lo- 19 
a out e correspon ~ng to an approx~mate ~ e-t~me o 

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 Independence hypothesis is due to S.N. Ghoshal.(lO) 

Ghoshal studied the excitation functions of different nuclear 

reactions by forming the same 

63 
different ways, Cu + p, and 

64 
compound nucleus ( Zn) in two 

60
Ni + a. 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 • 
cr(p,2n) 

= cr(a,pn)). 
cr(a,2n) 

There is a point to note, however. 
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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 

1 ways 1 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 I 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 (t = 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 

have also been performed by workers like John(ll), Rayudu(l 2 ), 

and Porile(l 3 ). Recently Grever and Nagle(l 4 ) measured the 

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

reactions by forming the same compound nucleus (
210

Po). They 

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 
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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.(l 6 ) for the alpha particles emitted 

by the compound nucleus 
60

Ni formed by the reactions (
59

co + p) 

56 
and ( Fe + a) respectively and at approximately the same 

excitation energy have very similar shapes, thus supporting 

Bohr 1 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 

0 
of emitted particles to be symmetrical about 90 to the direction 

of the incident bearn. The first test of this symmetry was 

performed by Wolfenstein~l?) 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. (lS) 

Recently Bodansky et al.(lg) studied the evaporation of 

coincident protons from the 
58

Ni(a,2p) reaction. 
58

Ni is a 

proton-rich target and at 32 MeV the cross section for compound 
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+ nuclear processes was found to be 560 - 50 mb, which is 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 cannet be applied to 

high-energy reactions. For example, as noted by Serber(
2o), 

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. (
2
l) (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 bearn 
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energy) as .observed in energy and angular distribution studies. 

Serber(
2
0) 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 lo-
13 

cm, which is 

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 

princip le. 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 until 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 
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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 mechan~sm 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 

energies, ( 22 23 24) 
as observed by many workers ' ' , is also ascribed 

to Direct Interaction. Although several mechanisms have been 

proposed, the view of Austern et al. (
2

S) regarding two-body 

interactions in the diffuse surface of the nucleus seems to be 

f d 
(23,26-28) avoure . Incidentally, reactions such as 'stripping' 

or 1 pick-up' are also included in this category because they too 
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proceed with the same mechanism and time scale. 

Nuclear reactions could also be divided into two 

classes on the basis of 1 time-scale 1 • 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 ( ~ lo-
22 

seconds) while a slow reaction takes a very rouch 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 angular 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 
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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 madel, as this has a strong 

bearing on the deyelopment 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 differentiai cross section at a 

particular energy should be symmetrical around e = ~/2. 

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 techn~ques. A brief summary is given below. 

Cascade Phase 

Goldberger( 3 Z) 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 3 3-3 7) followed by many later workers. ' ' They all assumed 

the nucleus as a degenerate Fermi gas of non-interacting nucleons 
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. . . 1 11 f d" A113 . h "f d . ~n a square potent~a we o ra ~us r , Wlt unl orm enslty 
0 

distribution. The radius parameter ( r ) , 
0 

depth of the we11 and 

eut-off energy (energy below which cascade particles were assumed 

to be captured) were, however different. Recently, Bertini(Jl) 

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.( 3o) 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 ca1culated 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 particle 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 
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forbidden collision while in the case of an allowed collision 

both the partners were followed in turn. The process is 

followed for the incident as well as for all the struck nucleons 

till they either leave the nucleus or their energy is reduced 

below the eut-off energy value. The program does not consider 

the presence of any aggregate of nucleons in the nucleus and 

therefore cannet 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. 

Calculations for the evaporation of particles from the 

excited nuclei remaining after the intra-nuclear cascade have 

( 38-41 33 29) 
been performed ' ' by using Weisskopf's formalism 

(equation 4), which gives the probability of emitting a particle 

'i' (chosen at random) with kinetic energy €. .• 
1. 

Studies in the 

first four references used analytic procedures for the cal

culation of emission probabilities, while Rudstam( 33 ) and 

Dostrovsky et al. (ZS) used the Monte 

calculation of Dostrovsky et al. (Z 9 ) 

Carlo method. The 

is most complete since usage 

of high speed computers allowed them to follow many cascades 

(500 in this case) thus improving the statistical accuracy 

besicles considering the emission of many particles (neutron, 

proton, 3 
deuteron, triton, a-particle and He). The inverse 

cross section is calculated for the ground state and by empirical 

formulas, and the constants giving the best fit to the continuum 
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theory cross sections are obtained.C 42 , 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 besicles A and Z of the final residual 

nuclei. 

I-6. OPTlQAL_MQDEb_!~R_NUCLEA~~EAC!lQli~ 

Bethe(
2

) (1935) was the first to put forward a 

potential-well madel to explain results of low energy neutron 

reactions. In this madel, the nucleus was approximated as a 

potential well of constant depth which abruptly became zero at 

the surface of the nucleus. The madel 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 differentiai cross section to show strong 

forward peaking at almost all energies. The madel, 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 madel 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 
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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 

varying nuclear radius.C 46 ) Both these results were incom-

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

work of Gugelot( 47 ) and others indicated that the average 

differentiai 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 Independance 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 = V + iW) model to explain 
0 

the results of low-energy neutron reactions. ( 44 • 45 ) While the 

real part (V ) of the complex potential could account for 
0 

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 
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non-elastic scattering events like inelastic scattering, compound 

nucleus, direct interaction, etc. There is, 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 

'compound 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 (V
0

) 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 the nucleus in 

its ground state. 

Although Feshbach et al. ( 46 ) successfully interpreted 

Barschall's data, they noted the necessity of 1 rounding-off 1 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. 

It may, however, be noted that, whereas the real part of the 

potential V
0

decreases with energy, the imaginary part increases 

with energy. 

This model,which is more commonly referred to as the 

'Optical Madel' because of its analogy to the passage of light 

through a partly-absorbing medium, has been extremely successful 
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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, 

Weisskopf( 4 S-SO) 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 1 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( 4 S) 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. 
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GRAPHIC REPRESENTATION OF WHAT HAPPENS 

WREN 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 

1 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 1 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) If, 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. 
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If 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 independant 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 madel 

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 constituants of the 

target nucleus, forming a state of long life time, even longer 

than expected from strong interaction model.( 4 S) As is evident, 

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 rouch lower 

in the surface region. 

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 
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SCHEMATIC REPRESENTATION OF DIFFERENT 

STAGES IN A NUCLEAR REACTION 

(Reproduced from 1 Physica 1 

Vo 1. 2 2, 95 2, 195 6) 
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gamma transitions take place in less thau 3 x 10-ll seconds. (Sl) 

This limit is imposed by the present state of electronic 

detection equipment, although indirect measurements indicate 

that mean life-times of such transitions range from lo-
13

- lo-
16 

seconds. Occasionally, however, sorne 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 isomerie 

state (or level), the transition itself being an isomerie 

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 $-transition, electron 

capture, etc. More than 250 isomers with half-lives ranging 

-11 ·k 
from 10 seconds to many years have been observed. Existence 

of more than two isomerie states in the same nucleus has also 

been observed in a few cases. 

An explanation of isomerism was first proposed by 

.. .. k (52) von We1..zsac er 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 (6I = ~) of few units 

( '-"" 5) and energy difference (6E) of a few keV, he showed that 

-.,'C' 

The lower limit of life-times, particularly if the results of 

indirect measurements are also included, eliminates the 

distinction between a normal and an isomerie level. The 

definition of an isomerie state in terms of 'measurable 

half-life 1 is in this context somewhat vague. 



• 

- 30 -

calculated half-lives of metastable states could be compared 

with those observed. Expressions for gamma transition 

probabilities, using the independent particle madel, were 

derived by Blatt and Weisskopf. (S 3 ) In the shell model, this 

condition is usually met by odd A nuclides, where the number of 

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

number. 

Normally, bath the ground and metastable state of a 

nucleus should be expected to be formed in a nuclear reaction. 

If one denotes the cross section for the formation of a high 

spin isomer by crH and that of a law spin by cr
1

, the ratio of 

formation cross section crH/cr
1

, usually called an isomer ratio, 

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 (cr) and ground state ( ). 
m 

Angular momentum like energy, parity, etc., must be 

conserved in a nuclear reaction. It has been a conclusion of 

discussions in the preced 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 centrifugai barrier, however, restricts the 
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amount of angular momentum of the particle entering (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 

mult olarity of the gamma transition. Thus each transition 

will again result in a new spin distribution. The last gamma 

ray is 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 Je to an excited state of angular momentum Jf 

is proportional to the density of levels of angular momentum Jf. 

. (54-56) 
This level density is given by the express~on 

( 10) 
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density of levels of zero angular momentum, and 

Ef = excitation energy for the residual nucleus. 

The quantity $ is called the spin density parameter or spin 

eut-off parameter. 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 $ is also related to the nuclear moment of 

inertia 'I' by the relation( 54 , 55 ) 

( 11) 

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

LeCouteur, 1954( 56 )). According to the Fermi gas madel 

I (12) 

where I 'rigid' body moment of inertia, 
r 

M mass of a nucleon, 
n 

R nuclear radius, and 

A mass number. 

•k 
Symbol 'cr' is commonly used for spin eut-off parameter. 

However, as the same symbol also represents cross section, 

adoption of a different symbol 

avoid confusion. 

was preferred in arder to 
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A number of workers have determined the values of 

effective nuclear moment of inertia through spin eut-off 

parameter and equation (11). Invariably, the values of moment 

of inertia thus determined correspond only to a fraction of the 

rigid body moment of inertia. ( ~o.3 - o.a)(57-62) This 

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(
6

S) 

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 

interaction have recently been proposed by Lang and Lecouteur(
66

) 

and Lang. ( 67 ) According to the first, which is referred to as 

the independent pairing model, Lang and Lecouteur derive 

expressions for 1 level densityr, spin eut-off parameter, 

effective excitation energy, etc., by assuming the nucleus as a 

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

is termed an independent pairing madel because pairing interactions 
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for a particular pair are assumed to be independent of all other 

pairs. Although the equations are derived for deformed nuclei 

with an axis of symmetry, Lang and Lecouteur suggest that the 

treatment is roughly valid for spherical nuclei. One of the 

attractive features of the madel is that the resulting formulae 

are exactly the same when the pairing energy 1 2~' is made zero. 

The second model (Lang( 6 ?) 1963) utilizes the Bardeen, 

Cooper, and Schrieffer(
6

S) (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 eut-

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

those employed in this work. Vonach, Vandenbosch, and 

Huizenga(
6

S) 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 a net 

result of changes in angular momentum at various stages of the 

path of a nuclear reaction. With the increase in energy of the 

projectile (say protons) the average angular momentum of the 

compound nucleus also increases. The emitted particles are 

usually of law energy and thus carry only a small amount of 

angular momentum. Dipole emission also constitutes a major 
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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. 

investigators(Sl- 64 ) have proved these arguments. 

A number of 

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 

nuclear reactions have recently been compiled by Wing. (lO) 

Numerous other publications have appeared since then, but only 

those of interest have been listed. ( 57 - 64 ) 

have measured isomer ratios f 
87m, 

or 

Vandenbosch et 

produced in 

various nuclear reactions. In two reactions, viz. 
85

Rb(a,2n) 

87 ( 2 ) 89y and Sr d, n they produced as the compound nucleus. This 

compound nucleus is also produced in the nuclear reactions studied 

in this -.vork. 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 
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87m a 
values to the experimental ones for 'oy as produced by the 

ss 8 , 2 ) . r(.p, n react~on. Isomer ratios have also been measured for 

nuclear reactions. 

The present work is a radiochemical study of nuclear 

reactions induced in 
88

sr by protons in the energy range 7- 85 

NeV. Various reasons for choosing such a system are~ 

1. Commerciall/~ available enriched 
88

sr ( > 99.8%) is 

essentially mono-isotopie. 

2. 
88

sr(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 Interaction 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 
84

Rb and 
83

Rb (x = 3 and 4 respectively) 

permit this to be conveniently realized. It is also of interest 

to compare excitation functions for the (p,2pn) reaction with 

these afore-mentioned excitation functions. 

Obtained from Isotope Division, Oak Ridge National Laboratory. 
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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 in nuclear reactions 

are èirected to the understanding of spin dependance in level 

density. Available calculation procedures demand that the 

nuclear reaction of interest should proceed by the compound 

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 ether nuclear reactions 

should also be of qualitative interest as they should reflect 

the affect 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. 
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The target material was a mixture of 'spec-pure' 

* + copper oxide (GuO) and strontium nitrate [Sr(No
3

) 2 J) enriched 

. 888 1.n r ( > 99.8%). The isotopie analysis of two strontium 

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

are shown in Table I. 

Table I 

ISOTOPIC ANALYSIS OF ENRICHED STRONTIUM SAMPLES 

Sample No. 69(a) Sample No. 1370(a) 
Isotope 

Atomie % Precision Atomic % Precision 

84 < 0.01 < 0.01 

86 0.05 ~0 .01 o.os 

87 0.13 o.os 0.11 j-0. 0 2 

88 99.82 o.os 99.84 0.02 

The isotopie analysis of both samples are nearly the 

same and were considered mono-isotopie in mass '88' in this work. 

Spectrographie analysis of impurities was also made availab1e. 

:he ~mpurities were very insignificant in amount and it was 

estimated that none wou1d interfere in this work. The copper 

Obtained from Johnson, Matthey and Company. 

+ Obtained from Isotope Division, Oak Ridge National Laboratory, 
Oak Ridge, Tennessee, U.S.A. 
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in the mixture served to monitor the bearn with the aid of 

63 63 65 64 
Cu(p,n) Zn (up to 15 MeV) or Cu(p,pn) Cu 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 :: 1:1. 

Small amounts of the result mixture were analysed for copper 

by EDTA titrations and the results indicated homogeneous mixing. 

The densities of CuO and Sr(No
3

)
2 

are 6.4 and 2.986 gm per cm
3 

respectively, and care was taken in loading the 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 11
, 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 

wei ing 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 a 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. ( 7 l) For a target of 

2 
superficial density of about 70 mg per cm (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 bearn as reported in 
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this work. 

The targets, prepared in this way, were fastened to an 

aluminum target bolder (Fig. 3) which was in turn screwed to the 

cyclotron probe. The targets were then inserted in the 

cyclotron 1 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 bearn, 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 bearn, 

and ranged from 10- 70 minutes. 

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 

of Kraus and Nelson. (
72

) Solvent extraction, used for yttrium, 
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ASSEMBLY OF TARGET AND TARGET HOLDER 
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was an extension to a macro-scale level of Dyrssen and 

Ekberg's(
73

) work for carrier-free separation of yttrium from 

strontium. Precipitation steps of rubidium tetraphenylborate 

and rubidium chlorostannate (Rb 2 SnC1 6 ) were taken from Handley 

and Burros( 74 ) and Goeking et al. ( 7S) respectively. 

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 O.D. x 50 mm) for gamma-ray and positron activity 

measurements. The same were also useful for making sources for 

negatron measurements using a 4n-p proportional assembly. 

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

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, strontium~ 

10 mg (in addition to the known weight in the target, as this 

vms only 3 - 5 mg), rubidium'-"' 20 mg, zinc ....,...lü 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 HCl (less than 

1 ml). 
'/~ 

The solution was next transferred to the anion-exchange 

~·, 

Baker analysed reagent, Dowex-1 x-8, Mesh 100-200, Ionie 

form --- cl, 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. 
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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 9N HCl and the was~ings added to the column. There-

after, the elution of the column was continued with 9N HCl 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, besicles 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, 
63 

Zn 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 co2-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 



- 44 -

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. A ft er 

centrifugation, strontium carbonate was left for later treatment 

while the supernate was scavenged by a combined precipitation of 

yttrium 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 HN0
3 

and evaporated to dryness. The 

residue was transferred to a separatory funnel with 20 ml of 

O.lN HN0
3 

and shaken with 20 ml of alcohol-free chloroform 

containing 1 ml of dibutyl phosphate* for three minutes. The 

organic phase was transferred to a second separatory funnel and 

* Eastman Organic Chemicals. Technical: 55% dibutyl phosphate 

and 45% monobutyl phosphate. 
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washed with another 20 ml of O.lN HN0
3 

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 lN HN0
3 

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. 

87 86 
The metastable states of Y and Y nuclides have 

y-rays very similar in energy to those of 
87

msr and SSmSr 

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 1 milking 1 experiment, and performing y-ray 

measurements (on the yttrium fraction) as quickly as possible. 

The milking experiment was performed as follows:-

After the solution of y~trium was boiled to expel the 

organic matter about 5 mg of strontium hold-back carrier was 

added and yttrium hydroxide pree itated 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 HN0
3

, the solution diluted and 2 ml of this 

solution was taken·for activity measurements. The entire 
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•• 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 HN0
3

, a few mg each of rubidium and yttrium hold-back 

carriers added and strontium nitrate precipated by adding about 

12 ml 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 HN0
3 

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. 
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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 srnall amoun~ of concentrated HN0
3 

to decompose any ammonium 

salts (produced by atmospheric ammonia - if any). 

The residue was taken up in 10 ml of lM HCl solution 

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

* 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 

HCl in ethanol was added to this solution and rubidium chlore-

stannate precipitated by adding 4 ml of saturated stannic 

chloride (SnC1
4

) in 50% concentrated HCl in ethanol solution. 

The solution was well stirred to ensure the cornpletion of 

* The reagent was prepared and stored as described by Handley and 

Burros. (? 4 ) Four gm of the reagent and l gm of aluminum 

chloride hexahydrate were dissolved in lOO ml of demineralized 

water. The solution was made just alkaline with phenol-

phthalein indicator and dilute sodium hydroxide ( ~ 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. 
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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 HCl, 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 y-ray measurements were completed, the contents 

of the vial were used for chemical yield determinations. 

As mentioned previously, zinc carrier was added 

for the low-energy bombardments (up to 15 MeV) when the 

63c r )63z . d . h b u,p,n n react~on serve to mon~tor t e proton eam. The 

ion-exchange column,from the general separation scheme, was 

washed with 0.15N HCl. Most of the elements including copper 

are removed while zinc is still strongly adsorbed on the column. 

Zinc was then eluted with <(O.OlN HCl, made up to volume and 

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

measurements. 
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Copper, adsorbed on the ion-exchange column, 

was washed with 4.5N HCl 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 l.SN 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 

p etted 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 HCl and transferred to 

a pre-equilibrated anion-exchange co1umn. 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 HCl 

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 

61 
to allow for the decay of 3.3 hr Cu formed by the 

63 61 65 1 61 
Cu(p,p2n) Cu or Cu\p,p4n) Cu reactions. 

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 

described by Sandell.(
76

) A Beckman spectrophotometer (Model DU) 
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snd standard 1 cm cells were used. A standard absorbance curve 

is shawn in F 4. 

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, 

as described by Welcher. ( 77 ) 

E~~idl~= The well-known precipitation procedure 

using chloroplatinic acid reagent (10%) as given by Vogel(
78 ) 

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

yield of this element. 

f~EE~E: Direct titration with EDTA using murexide as 

an 
1 79) . 

indicator,as given by Welcher~ , was adopted. 

Zinc: Direct titration with EDTA using eriochrome 

Black Tas an indicator, as described by Welcher(Bo), was used 

for this element. 

II-4. 

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 analysera. Sorne 

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, 
86

Rb, produced as a result of the 
88

sr(p,2pn) reaction, 

decayed by negatron emission and was assayed with a 4n-~ 

proportional counter. 

II-4.1. 

Pate and Y f ~ (81-85) 
a Ie have systematically studied the 

various aspects of this technique for measuring ~-activities. 

The method cornes 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 lOO% 

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, internai 

conversion, etc.) take place within the resolving time of the 

counter. A knowledge of the decay scheme is, however, required 

for measuring internai conversion electrons due to isomerie 

transitions and for making corrections for self-absorption and 

source-mount absorption (see below) corresponding to the energy 

and branch ratios of var~ous ~-components. The following 

corrections are necessary. 

( i) Correction due to background. 

1 • " '\ l ~ ~} Correction due to resolution losses. 

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

(iv) Correction due to absorption in the source-material 

itself. 

A flow-type proportional counter, using methane 

gas (C.P.) at atmospheric pressure, was used in this work. This 
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assembly was similar to that described by Pate and Yaffe. (
82

) 

The counter chamber and a block diagram of the entire counting 

assembly are shown in Figs. 5 and 6 respectively. The figures 

are self-explanatory and any further details may be obtained 

from the cited reference. The proportional counter bas the 

advantage of having short reaolving times (V"' 1-2 IJ.Sec), 

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 

according to the prescription of Pate and Yaffe. ( 8 l) These 

2 
films bad a superficial density of about 10- 15 IJ.8m per cm and 

and were rendered conducting by depositing a thin layer of gold 

2 
(5- 10 IJ.Sm per cm) 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 band 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 the 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 4~-COUNTING CHAMBER 
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• 

Figure 6 

BLOCK DIAGRAM OF THE 47!-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. 

present work. 

This was also employed in the 

Equipment: Part of the work was done with a 

commercially available (Harshaw Chemical Company). thallium 

activated-sodium iodide crystal (3 11 x 3" ), hermetically sealed 

in an aluminum can and optically coupled to a Dumont '6364' 

photomultiplier. The l.atter 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" lucite to attenua te fluorescent 

X-rays from lead. To facilitate different geometrical arrange

ments for the sample-detector system, a lucite sample positioning 

rack was attached to the crystal. 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 
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Figure 7 

Nal(Tl) DETECTOR, PHOTOMULTIPLIER TUBE, SRIELDING 

AND SOURCE POSITIONING RACK 
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{Model 318) stabilized power 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-Qverloading linear amplifier (Baird-Atomic, Model 215). 

These amplified pulses were passed on to a lOO-channel pulse 

height analyser (Computing Deviees of Canada Limited, Model 

AEP-2230) through a cathode follower. The analyser bad a 

magnetic core memory from which the data could be displayed on a 

cathode ray tube or recorded on a' Wes.tronic recorder (Model 2705) 

which accepted the analog signala. 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-matie printer 

(c.n.c. type 460). 

The dead time of the counter varied from 35 ~sec to 

135 ~sec depending 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 directly. A block diagram of the entire assembly is 

shown in Fig. 8. 

Analysis of gamma-ray spectr~: Gamma-rays interact 

with matter in the following ways. 

Photoelectric effect~ In this process, a photon of 

energy (E ,;. h v ) ejecta a bound electron {binding energy B) from 

an a tom or a molecule with kinet ic energy (h ~ - B).. The 

phenomenon is most important at iow energies and in heavy 

. ..... 
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Figure 8 

BLOCK .. DIA GRAM OF lOO -CHANNEL PULSE·HEIGHT 

ANALYSER .ASSEMBLY 
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elements. In the ~ai(Tl) crystal, ~here~ore, most of the 

events take place with iodine, producing photo-electrons and 

X-rays from residual nuclei. Absorption of both photo-electrons 

as well as X-rays within the crystal produces a pulse of maximum 

height. 

Compton effect: In 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 

processes, followed by a photo-electric event with absorption of 

both X-ray and photo-electron is again recorded as a pulse of 

maximum height by the detector. 

Pair production: A gamma ray, with energy greater thari 

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 

0 
quanta of 0.511 MeV and at 180 to each other. Absorption of 

both these gamma quanta by photo-electric events or a combination 

of processes mentioned above will again result in the complete 

absorption of gamma-ray energy within the crystal and thus be 

recorded as a full energy event. 

The atomic cross section for pair production 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 elec.trons, which in turn produce a 

proportional number of light photons. These light photons 

strike the photocathode of the photomultiplier tube, producing 

a correspond ing 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 pulses' corresponding to mono-energetic 

gamma-rays show statistical fluctuations. This resulta· in the 

formation of peaks which are nearly Gaussian in distribution. 

These peaks are more commonly referred to as 1 photopeaks 1
, 

although any one process or any combination of the processes 

mentioned above could lead to complete absorption of gamma-ray 

energy within .the crystal. The ability of a given detector 

system to resolve two peaks is described in terms of its 

'resolution' which is defined as a· ratio of 'full width at half 

maximum of a photopeak to the position of peak mid-point', 

expressed in percent. The photopeak corresponding to the 661 keV 

137 gamma-ray due to Cs 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 above discussion, on~y a 

fraction of 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 1 intrinsic photopeak efficiency'. 
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Figure 9 

GAMMA-RAY SPECTRA OF 86my AND 88y 

(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 
saY. 

(b) Gamma~ray spectrum of separated yttrium activities 

taken 89 minutes after bombardments at 5~ MeV, 
8h 0.208 MeV peak i~ due to Y, 

0.38 MeV 1 edge• is due to 87my and 87msr, and 

the large peak at 0.51 MeV is due to S?gy and 
. 86g 

annihilation gamma rays of Y. 

Estimated background. is indicated by dotted lines. 
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Figure 10 

GAMMA-RAY SPECTRA OF 83Rb, 84Rb AND 
86

Rb 

(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 
84 annihilation gamma rays due to Rb, 

0.88 MeV peak is due to 84Rb, while 

1.08 MeV peak is due to 86Rb. 

(b) 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 85msr AND 85 8sr 

(a) Gamma-ray spectrum of separated strontium activities 

taken 197 minutes after bombardment at 48 MeV, 
85m 0.23 MeV peak is due to Sr, 

87m · 
0.388 MeV peak is due to Sr, and 

0.51 MeV peak {sma11) is due to. 858sr. 

{b) Same sample as in {a) recorded after 42 days for 858sr. 

Estimated background is indicated by dotted 1ines. 
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These intrinsic photopeak efficiencies have been determined by a 

numb.er of workers.<
86

-
88

) Bowever, 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< 89) i~ 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 u.nder each photopeak and the conversion of the 

photopeak area to the disintegration rate, are described under 

'Treatment of Data•. 

It bas been stated that the resolution of the above-

described detector system was found to be 12.8%. The 

measurements of 
87

Y 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 1 detector assembly (12~1?; Serial 

No. 354, Harshaw Chemical Company) with a resol~tion of less than 

8% guaranteed by the manufacturer and checked by the author as 

137 
, .. ,close to 7. 5% for the 661 keV gamma ray due to Cs was used. 

Typical spectra at two different times after the end of the 

bombardment time are shown in Fig. 12 

The output from the Integral 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 87my AND .87 8y 

Gamma-ray spectra of separated yttrium sàmple, taken 

{a) 31.5 hours and {b)· 62.5 hours respectively, 

after bombardment at 21 MeV, 

0.38 MeV peak is due to 87mY and 87msr, and 

0.48 MeV peak is due to 87 Sy. 

Spectra taken using 'Integral Line~ detec~or assembly 

with 7.5% resolut.ion. 
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stabilized power supply from the pulse height analyser unit. 

The data stored in the pulse height analyser we:r~.e printed on a 

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

II-4.3. Positron Measurements 

A positron, at the end of tts path, combines with an 

electron, both of which annihilate by releasing two gamma quanta 
0 . 

of 5il keV and at 180 to each other. If two detectors,such 

as Nai{Tl) scintillation phosphora, are placed in a line on each 

side of the source and their output gated to accept only 511-keV 

pulses in coincidence, then the positron emission rate can be 

determined. The main advantage of such a technique is that it 

discriminates, fairly wellt against all other types of radiations. 

The rare accidentai coincidences could be corrected by placing a 

. 0 
third detector, under identical conditions but at 90 to them, 

and coupling it for coincidence to either of these detectors. 

Eguipment: Harshaw 'Integral Line• assemblies of 6S6 

type, in which the Nai(Tl) crystal (1.5 11 x 1.5 11 ) and a matching 

photomultiplier tube are encapsulated in a single light-tight 

housing with an aluminum entrance window, constituted the 

detectors for the system. These unite 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 

* Cosmic Radiation Laboratories, Inc., Bellport,,N.Y., U.S.A. 
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distortion and provide suitably shaped signala for operation 

with a multiple coincident unit (Cosmic Model 801) •. The latter 

contains fast-slow coincidence circuits with single channel 

analysera to impose amplitude restrictions in the slow circuits. 

The coincident outputs from the multiple coincident unit were 

recorded on Marconi Scalers.(AEP-908). High voltages for ~he 

180° detectors were obtained from a Victoreen regulated high 

voltage 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 

Tequirements for the preamplifiers were met by~'Ljmhda regulated 

power supply (Model-25) while those for the multiple coincident 

unit were supplied by the unit itself. All other units were 

supplied by the line voltage-regulated power supply. Block 

diagrams 13 and 14 show the assembly and coincident conditions. 

The sample (vial) holder was made by drilling a small 

hole ( -1 mm in depth) in a luette block which was mounted on 

another ho1der, itself fixed.(firmly) on a smooth bench. The 

sample vial'was 'closely surr.ounded by a eopper tube, suffieiently 

thick to stop a11 positrons up to 3 MeV ~n energy. The 

. 0 
detectors, required to be at 120 • were placed on either side of 

0 the sample on the bench and the detector at 90 was placed on a 

similar beneh (eut from the same piece) at right angles to the 
'. 

other ben eh·. All the three deteetors were of the same shape as 

well as height and 'saw' the radioactive source identieally • 
1 

Resolution of al-1 the crystals was approximately 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.TRE 'FAST-SLOW' 

COINCIDENCE ARRANGEHENT(90) 



-70a-

INPUT A SINGLE-
CHANNEL 

----)~-----.------~PULSE-HEIGHT 
ANALYZER 

" 

FAST 
CO INCIDENCE 

SLOW 
t----~)1--------1 COINCIDENCE 

SINGLE-
t 

i 

INPUT B, CHANNEL 
------------i,~---1-------~ PULSE-HEI GHT 

+ 
1 r----_.__ __ _, 

ANALYZER 

T 
l .-------'-------, 

, OUTPUT ~ 
f 

FAST 
COINCIDENCE 

, SLOW 
1 
,OUTPUT 2 

1------,.,...---------l CO INCIDENCE 1, 

....___ __ -.--__ .-~ 

_IN~P_U_T __ C~,~~-------1 ~~~IGHT 
' . NALYZER 

1 



• 

- 71 -

661 keV gamma ray due to 13·7 Cs. 

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 

22 
obtained as follows, using a Na sample whose activity bad been 

determined with the 4n-~ counter. 

The detectors were arranged at a fixed distance of 3 11 

(see below) from the centre of the source to avold any confusion 

or delay in adjustments. High voltages between 1050 to 1075 

volts were applied to the photomultiplier tubes. The wind'Ow of 

each pulse height analyser 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 eut down a large number of unwanted pulses 

corresponding to low-energy signala and noise in the coincidence ' 

circuit. Coinéidence conditions were then imposed for 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 

of 22Na were determined before measuring other samples. It may 

be noted that the standard and the samples were prepared in the 

same way. 

The measurements of coincidence data in this way 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 
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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. llowever, the 

probability of recording a coincidence between a nuclear gamma 

ray and an annihilat io.n gamma ray is somewhat less for crystals 

at 180° than when the crystals are at 90° to each other . 

(particularly so when our crystals are small in size). The 

0 background, recorded for crystals at 90 to each other, never 

exceeded more than. 5% of the recorded coincident pulses for 

0 crystals at 180 in the worst cases in this work. No further 

correction to this background was therefore thought necessary 

and the background was subtracted from the coincident pulses 

(at 180°) in a straightforward manner. 

(2) Another prob~em arises due to 'summing effects 1 which 

occur when two gamma rays strike the crystal within the resolving 

time of the detector. This is particularly serious when 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 limita of the pulse height window and 

coincident records will be lower. Similarly summing of a low-

energy gamma ray with Comptbn 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 add to the coincident 

records. The summing effect could be reduced by increasing the 

source•detector distance and.its optimum value {between detection 
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rates and summing effects) was determined from the experimental 

86 22 63 
measurements of the activities of Y, Na, and Zn for 

different source-detecter distances. While 
86

y bas many 
. 22 

coincident gamma rays (Figs. 16 and 17), Na bas one (100%) 

63 
gamma ray in coïncidence with positrons and Zn bas even 1ess 

coincident gamma-ray activity. It was found that for a source-

detecter distance of 3u and up, the ratio of the activities of 

86yJ 22
Na and 

22
Na/ 63zn was near1y constant. This indicated 

that the summing effect cou1d be neg1ected after this source

detecter distarice, and a distance of 3" was selected in this 

work. 
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III. TREATMENT OF DATA 

ln this chapter, we will diseuse the conversion of 

gross data obtained from various activity measurements into 

absolute disintegration rates, pr~cedures employed for decay 

curve analysis, corrections for growth and finally a calculation 

for the cross section for the independant formation of nuclides. 

III-1. !!!QLUTE DISINTEGRATION RATES 

The correction~ necessary to transform a counting rate 

into a disintegration rate are dependent on the •ssembly used 

for the measurement and are described accordingly. 

III~l.l. 4K-ê Counting Data. 

The samples measured on this assembly·contained 

83 84 . 86 
relatively long-lived activities of Rb, Rb, and Rb. Of 

86 these, 4n-data were used to extract the resulte ·for Rb only . 

. Corrections for source-mount and self-absorption were therefore 

required, corresponding to ene~gies for different ê-components 

of this nuclide. Maximum energies for the ê-spectra of the two 

components of 86Rb(SZ) are 1.78 MeV (91%) and 0.7 MeV (9%). The 

source-mount absorption for the films used (20- 25 ~g/cm2 ) was 

found to be negligible for these end-point energies.( 8 l) The 

sources were estimated to be about 200 ~g per cm
2 

in th~ckness 

and ê-particles with t = 1.78 MeV will have negligible max 

absorption while the ê-component with 8 = 0.7 MeV will have max 

a self-absorption(SJ) of about 0.94. The over~all 
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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 

where 

D = .Q.:.!..:. x 1Q.Q. x F 
0. 99 c. y. 

C.R. • counting rate, 

F • dilution factor, and 

C.Y. • chemical yield in percent. 

111-1.2. Gamma-Ray Measurement Data 

(13) 

Gamma-ray spectra of various activities measured in 

this work are shown in Figs. 9-12. The difficulty in estimating 

the background stems from the fact that photopeaks due to lower 

energy gamma rays are situated on the Compton distributions for 

( 94) ( 95)' the h igher energy gamma rays. Lazar · and Heath ' have 

suggested a method by which the known .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 components are analysed. The 

process, ho:wever, is very tedious when applied to a number of 

spectra. 

The procedure foilowed by us was to draw the background 

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

the efficiencies. The estimated background, as shown in the 
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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 .lla) 

and the errors involved in.estimating the background were 

consequently high. 

After the areas under each photopeak·were calculated, 

absolute disintegration rates for the corresponding measurements 

were determined by using the expression 

A lOO 1 lOO lOO 
D = f- x ( lOO _ 6R) x 6.t x F x ( 1 + aT) x W. x U. 

p 

where A = the area of the photopeak in terms of counts, p 

Ep • overall photopeak efficiency for a particular 

gamma-ray energy and source position, 

6.R = resolution loss in percent, 

( 14) 

6.t • duration for the measurement, usually in minutes, 

F = dilution factor, 

a = total conversion coefficient, T 

B.R. = branching ratio for the observed decay mode 

in percent, 

C.Y. • chemical yield in percent. 

The branching ratios and conversion coefficients were 

taken from Nuclear Data Sheets( 92 ) or from more. recent literature. 

III-1.3. Positron Measurement Dat:a 

As mentioned before, no corrections were applied to 

positron measurement d~ta except for the normal subtraction of 
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the background. The disintegration rates were then obtained 

from the expression 

lOO . lOO 
D • C.R. x F x- x C.Y. B.R. (15) 

III-2. DECAY CURVE ANALYSIS 

Generally, each se.parated element contained more than 

one isotope, depending upon the energy of bombardment. Data 

obtained by positron measurements or from 4~-~ proportional 

counter measurements, therefore, usually represented a case of 

multi-component decay. . In some cases, however, it was possible 

to measure gamma rays of a characteristic energy with a 

scintillation crystal iri conjunction with a pulse height 

analyser (Figs. 9-12), which corresponded to the decay of a single 

radioactive species. 

The multi-component disintegration rates, due to 

independently decaying species, were resolved into constituent 

* components by a Least Squar•s Analysis Computer Program • The 

same program was also utilized when growth and;decay of the 

ground state of an isomerie nuclide (metastable state decaying 

completely to the ground state) was·analysed by measuring a 

radiation due to the ground state. Disintegration rates were 

finally obtained for times at the end of bombardment (D0
) or at 

*• CLSQ,· the Brookhaven Decay Curve Analysis Program' by 

J.B. Cumming (BNL-6470)' was slightly modified for adoption to 

Fortran lV codes and a 7044 computer a~ailable at McGill 

University. 
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chemical separation (Ds). 

III-3. CORRECTIONS FOR THE DISINTEGRATION 
RATES OF UNSHIELDED SPECIES 

The·unshielded species involved in this work are 

ground states of isomerie nuclides (when a metastable state 

decays to the ground state) or isomerie states of an unshielded 

nuclide of 85 sr. The corrections for the latter are somewhat · 

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

discussed below. 

III-3.1. Calculation for the Disintegration 
Rate of the Ground State of an 
Isomerie Nuclide 

The case is very similar to the radioactive chain 

A - B - C, when one is interested in the determination of the 

disintegration rate for the independant formation of B or of the 

ground state of an isomerie pair. If Do d D0 h an represent t e 1 .2c 

disintegration rates of metastable and ground states respectively, 

at the end of bombardment time, the disintegration rate of the 

ground state at any time is given by 

(16) 

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

0 
get D2c. When the metastable state is short lived relative to 

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

ments for n2 . could be made after a long time compared to the 

h~lf-life of the metastable state and (16) becomes 
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, -
/ 

A plot of log D2 versus time will be a straight line and 

0 extrapolation to zero-time will yield D2 c. 

The disintegration rate is next corrected ·for the 

growth during bombardment. During bombardment, the rate 

equation for the ground state is given by 

(17) 

(18) 

where a2 is the rate for the formation of the ground state for a 

particular flux of protons. Again, since · 

( 19) 

equation (18) becomes 

( 20) 

wh ich gives 

or (21) 
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Substituting for R1 and R2 from (19) and putting t = tb as the 

duration of bombardment, equation (21) becomes 

(22) 

(1 -

0 
from which D2 , the disinteg.ration 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 isomerie 

nuclides when metastable states decayed by isomerie transition. 

III-4. CALCULATION OF CROSS SECTION 

After determining the disintegration rate at the end 

of bombardment time, the cross section for the formation of a 

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

approximation) by the equation 

' ( 23) 

where D: • disintegration rate of 'A' at the end of bombardment, 

2 
I = flux of protons as number per cm per sec, 

n = number of target atoms exposed to the beam, 
T 

aA = formation cross section of A, 

hA = decay constant for A, 

tb • duration of bombardment. 

The proton flux in the internal circulating beam was 
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63 63 determined by using the monitor reactions, Cu(p,n) Zn or 

65cu(p.pn) 64cu. the · ti f i f hi h 1· bl . • exc1ta on unct ons o w c are re 1a y 

known (next section). Since the copper oxide and strontium 

nitrate were intimately mixed, they were exposed to the proton 

beam under identical conditions. The formation cross sectionG 

for the monitor reaction is given by 

(24) 

Eliminating 'I 1 between (23) and (24) and rearranging, we get 

(25) 

Again, .the number of atoms of a particular mass .{involved in the 

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

where 

n • N.A. x W x I.A. x 6.02 x 10
23 

G.M.W. 

N.A. = number of atoma of the element of interest 

in a molecule, 

W = weight in gm of the compound, 

G.M.w. • gram molecular weight of the compound, 

I.A. • isotopie abundance of the nuclide underg~ing 

nuclear reaction.· 

(26) 

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

is unity and we have 
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(27) 

and 

n • M (28) 

Substituting (27) and (28) in (25), we get 

a ... 
A ( 29) 

Equation (29) was used for the calculation of cross 

sections of all nuclides (as well as isomerie states) once the 

disintegration rates at the end of bombardment times were 

calculated for their inde~endent formation during irradiation. 

III-S. MONITOR CROSS SECTIONS 

The monitor cross sections used in this work were 

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

Ghoshal(lO) for. 63cu(p,n) 63zn and s. Meghir and L. Yaffe( 96 ) 

65 . 64 
for Cu(p,pn) Cu reaction. These values, together with 

corresponding bombarding energies of protons, are reproduced 

in Table II. 
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Table II 

MONITOR CROSS SECTIONS USED IN THE PRESENT WORK 

Bombardment Cross Section Cross Section 

* 

Energy 63cu(p,n) 63 zn(lO) 
(mb) 

* 7 

9.5 

12 

15 

18.5 

21.5 

24 

24.7 

25.5 

26.5 

28.7 

30 

33 

36 

40 

42 

44 

'45 

48 

54 

60 

66 

72 

78 

85 

250 

435 

515 

. 460 

65c ( ) 64c ( 96) u p,pn u 
(mb) 

144 

380 

482 

488 

486 

480 

422 

388 

334 

298 

2'65 

252 

240 

235 

220 

198 

180 

167 

156 

148 

140 

An accurate measurement of the cross section for 
63

cu(p,n)
63

zn reaction at 6.75 MeV of proton 

energy bas been recent1y reported by Humes et 

a1.( 9l) The reported value of 239! 13mb is in 

excellent·agreement with the value taken from 

· Ghoshal(lO) and used in this work for calculating 

the cross section at 7 MeV. 
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IV. EXPERIMENTAL RESULTS 

. The .cross se ct ions and other pertinent da ta ob ta ined 

at differen~ proton bombardment energies (up to 85 MeV), for 

various product nuclides of int~rest, are tabulated in this 

chapter. The corresponding excitation function curves and 

isomer ratios for the isomerie nuclides , as obtained from these 

cross-section values, are also presented. A brief account of 

the decay schemes of the individual nuclides as required in the 

calculations is also given and Table III summarizes the 

characteristics of the nuclides as well as activity measurement 

procedures used in the work. 

IV-1. INDIVIDUAL NUCLIDES 

88 
IV-1.1 •. 105 day- Y 

The decay scheme( 97 , 98 ) of this nuclide, formed by the 

(p,n) reaction, is shown in Fig. 15(~.). The 0.3 msec metastable 

state decayed to the ground state by an isomerie transition and 

it was not possible for us to make measurements of auch a short-

lived species .. The formation cross sections of the nuclide 

could, however, be determined by measuring the radiations 

connected with the decay of the ground state only, as the 

relatively very sma11 half-life of the metastabl~te.intro

duced insignificant errors in the disintegration rates determined 

for times at the end of bombardments. The ground state could 

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

PERTINENT DECAY SCBEME DATA AND DETECTION METBODS 

USED FOR THE PRODUCT NUCLIDES OF INTEREST 

Balf- Radiation Brancb Conversion Detection 
Nuclide Li fe Followed Abundance Coefficient Metbod Ref. 

(%). 

88y * 105 d. 1 - 1. 84 MeV 99.4 0 G.M. 97' 98 

87my 13.5.b. 1- 0. 483 ~M V 98.6 . 0.0035 G.M. 92 
0.381 e 

87gy 80 b. . 1- 0.483 MeV 98.6 0.0035 G.M. 92 

86my 48.5 m. . 1 - 0. 208 MeV lOO o.os G.M. 101,102 

86gy 14.6 b. (:3+ 30 P.M. + lOO, 103 

85my 2.68 b. . (:3+ 55 P.M. 105 

85gy 5 b. (:3+ 70 p .M. 105 

84y 40 m. (:3+ . 86:.5 p. M . 92 

8Sm8r 70 m. 1- 0. 225 MeV 08.6 i ·o .o24 G.M. 92 

85gsr 65 d. . 1- 0. 514 MeV lOO 0.007 G.M. 92 

86Rb 18.7 d. (:3 lOO 43(-(:3 92 

84Rb 33 d. 1 - 0.88 MeV 77 0 G.M. 92,108 

83Rb 83. d. 1- o.525 MeV 93 0 G.M. 109 

64 Cu 12.8 b. (:3+ 19 P.M. 92 

63Zn 38.3 m. (:3+ 93 P.M. llO 

* G.M. • Gamma-ray measurements .• 

+P.H. - Positron measurements • 

• 
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.Figure ll 

DECAY SCHEMES OF 88y AND 87y 

(a) 88y ( 98) 

(b) 87m,gy (92) 
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1.84 MeV energies and the resulta 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 

' 0 
end of bombardment (D ) were checked by measurements made with 

both gamma rays and were found to be the same. Branching 

ratios( 98 ) of 94% and 99.4% were used for 0.9 and 1.84 MeV gamma 

rays respectively. 

The ca1cu1ated cross sections are presented in Table IV 

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

IV-1.2. 13.5 hr.- 87mY and 80 hr.- 87 gy 

The decay scheme of this isomerie nuclide is shown in 

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

are 14 hr.< 99 ) and 13 + 1 hr.( 62 ) We have analysed our data 

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

value. The half-1ife for the ground state was found to be in 

very good agreement with the reported( 99 ) value. 

Yamazaki et al.(lOO) suggested a positron branch of 

about 5%, associated with the decay of 
87

mY, in order to explain 

their experimental resulta while investigating the decay scheme 

for the 14.6 hr.- 868Y. We have checked this possibility by 

making positron measurements and determining the 87my activity 

(due to is~meric transition) by analysing the growth and decay 

of 878y at a bombardment of 21 Me·v. A positron branch of less 

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

to 
86

gY, which was formed as a result of 87 sr(p,2n}
86

y and 

86 86 . 87 86 
Sr(p,n) Y react1.ons, the Sr ("""0.2%) and Sr ('-"".05%) 
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isotopes being present in the target sample. 

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

87m 
for the de,~ay of Y by electron capture which has been 

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

that 87mY decays exclusively by isomerie transition. 

Activity measurements for 87mY and SJgy were made by 

following the growth and decay of the 0.483 MeV gamma ray 

associated with the decay of 87 gY, till bombarding energies of 

26:5 MeV. A branching ratio of 98.6% (0.6% due to 0.3% ~+ 

branch) and a conversion coefficient( 92 ) 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 87mY as described 

before; and the 0.483 MeV gamma ray for 87 gY after the decay of 

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

energies, decayed with a similar half-life (14.6 hr.) to 
87

mY 

and had a .large branching ratio for positron emission. After 

87m 
33 MeV, the cross sections for the formation of Y .decreased 

sharply while the positron-emitting ac~ivities increased, 

rendering it difficult to make measurements with the 0.38 MeV 

f 87my gamma ray or • The measurement~ for this nuclide were 

therefore discontinued for energies higher th~n 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 respectively • 
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. 86m 86g 
IV-1.3. 48.5 m~n.- Y and 14.6 hr.- Y 

The metastab1e state was first reported by Raskin and 

Vandenbosch( 10l) and was subsequently confirmed by Kim et a1.< 102 ) 

The decay scheme for the ground state has been proposed by 

Yamazaki et a1.(lOO) and Wapstra et al.{l0 3 ) and is still 

incomplete. The decay scheme for the metastable state is shown 

in Fig. 16(a) whi1e the ground state is presented in Figs. 16{b) 

and 17. 

The reported half-1ives for the metastable state are 

49 + 1..5 min. and 48 + 1 min. A1though our data could be 

analysed with either of the se 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 

coefficient of 0.05 (a mean of 0.04 + O.Ol(l0 2 ) and 

0.06! o.ol(lOl)). 

The ground state was measured by positron.measurements. 

A branchi.ng 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 for the positron 

and electron capture decay processes. Also, as mentioned in the 

preceding section, Yamazaki et al. (lOO) were forced to assign 

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

obtained from the decay scheme of Wapstra et al.(l0 3 ) (Fig. 17). 

A value of 30% was therefore arbitrarily selected and used in 

our ca1culations . 

The cross sections and isomer ratios are given in 
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DECAY SCHEME OF 
86

Y 

(a) . 8 6my ( 10 2) 

(b) 86gy (100) 
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Figure 17 

DECAY SCHEME OF 86gy (103) 

• 
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Tables VIII - X and the excitation functions and isomer ratio 

curves in Figs. 23 and 24 respectively. 

85m 85g IV-1.4. 2.68 hr.- Y and 5.0 hr.- Y 

The existence of this isomerie pair was first reported 

by Horen and Kelly.(l0 4 ) A more thorough study of the decay 

scheme (Fig. 18) was reported by Dostrovsky et al.(l0 5 ) and we 

have used their data in the calculations of our results. 

Recently, Nieckarz and Caretto(l0 6 ) also reported the half-lives 

for the isomers, which are in good agreement with those of 

Dostrovsky •t al.(l0 5 ) 

Dostrovsky et al. could not observe any transition 

between the two isomerie states and set an upper limit of about 

1% for the direct isomerie 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 ca1culated 

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.- 84Y 

The activity measurements for this nuclide, fQrmed by 

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

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

42 and 43 minutes.<
92

) A value of 40 min. was adopted in this 
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Figure 18 

DECAY SCHEMES OF 85y AND 85 sr 

(a) 85m,gy (105) 

(b) 85m,g8r (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 resulta for cross sections are given in 

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

IV-1.6. 70 . 85m
8 ml.n.- r 

·a 
and 65 d.-... 5 Ss!. 

The decay scheme( 92 ) of this isomerie 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 8.6.0% and 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 ratio curves are shown in Figs. 

28 and 29 respective1y. 

. 86 
IV-1.7. 18.7 d.- Rb 

The decay scheme( 92 ) of this shielded nuclide is shown 

in Fig. l9(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 th~ 4s-~ 

proportional assembly. The calculated values of cross sections 

are given in Table XIX and the excitation function curve is 

shown in Fig. 30. 
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Figure 19 

DECAY SCHEMES OF 83Rb, 84Rb, AND 86Rb 

(a) 86Rb (92) 

(b) 84Rb (92,108) 

(c) 83Rb (109) 

• 
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IV~l.8. 33 d.~ 84Rb 

The decay scheme( 108 ' 92 ) of this shielded isomerie 

nuclide is shown in Fig. 19(b). Again we did not measure the 

metastable 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 follow•d and a branching ratio(lOS) of 77% was used 

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

excitation function curve is shown in Fig. 31. 

83 
IV-1.9. 83 d.- Rb 

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

recently studied by Dostrovsky et al.(l0 9) 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. 83 sr. The 

34 hr. half-1ife of this isotope is, however, sufficiently long 

so that any corrections {within experi~ental error) may be 

disregarded when the rubidium activities could be separated from 

its parents in about 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. 

64 . 63 
IV-1.10. 12.8 hr.- Cu and 38.3 m1n.- Zn 

These monitor activities were measured by performing 

positron measurements. Branching ratios of 19%( 92 ) 'and 93%(llO) 
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were used in the calculations of disintegration rates for 64 cu 

63 and Zn. 

IV-2. ERRORS 

Errors involved in the determination of cross sections 

are mainly of two types. The first class representa, 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 

analyses, chemical yields, dilutions, etc. are 1 random 1 in 

nature. 

Errors 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 dete~mined for the gamma-ray measurement assembly 

coupled to the lOO-channel pulse-height analyser. A similar 

error was estimated for the efficiencies of the higher resolution 

gamma-ray and positron measurement assemblies. 

The random errors wère estimated as follows. 

1. Errors in the determination of the photopeak vary with 

the complexity of the spectrum. 'An error of + 5- 15% was 

·estima te d • 

2. Chemical yields were determined by titrations, 

spectrophotometry as well as precipitation methods. An error of 

t 2% was estimated for chemical yields determined by titration 
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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 

analysis. 

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 nuèlide and the monitor. These 

errors ranged from + 10% to 20% for the nuclides studied in this 

work. 

In estimating the errors for dàughter nuclides (e.g. 

ground states of some isomerie 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. 

for the isomer ratios varied from 8% to 22%. 

Errors estimated 

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 (constant for a particular 

energy rather than for the nuclid~), 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 
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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 

spread in the proton beam (t 2 MeV). 

For low-energy bombardments (till 15 MeV), monitor 

cross section values were taken from Ghoshal's(lO) results; 

errors for·which could not be evaluated. Meghir and Yaffe 
( 96). 

. 65 64 quote a f1gure of t 14% in their results for the Cu(p,pn) Cu 

excitation function, but we have not taken into account either 

of these errors in monitor cross sections in our results . 

• 
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Table IV 

INDEPENDENT CROSS SECTIONS FOR THE FORMATION OF 88
y FROM 88 sr 

Proton Monitor Do ·0 Ratio of Nuclide 
Energy (j A DM Saturation _2 cr 
(MeV) (rob) dis/min x 10- 5 dis/min x 10- 8 R Factors x 10 (mp.) + 12% -

7 250 8o69 19o3 0 0 992 23.2 260 

9o5 435 19o 5 28.7 0. 992 21.6 630 

12 515 20 0 7 30 0 4 0 0 992 27o0 940 

15 460 . 57 0 8 66o5 0.992 24.1 960 

18~5 144 48o4 1.02 Oo444 1. 92 580 

21.5 '380 22o4 2.41 Oo444 1. 92 300 

24.7 488 12o9 2.99 0.444 1. 92 180 1 
t-' 

28.7 422 7o53 3.93 Oo444 1. 92 69 
0 
0 

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 2o55 1. 27 1. 92 40 

48 220 2o28 1. 30 0.444 1. 92 33 

54 198 2.10 1. 33 0.444 1o92 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 
---------

Symbo1s denoting the tabu1ated quantities are defined in the fo11owing page. 
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D
0 = disintegration rate of the 1 concerned 1 nuclide at the end 
A 

of bombardment (Equation 23). 

D~ = disintegration rate of the monitor nuclide at the end of 

bombardment (Equation 24). 

R = = ratio of number of monitor to target atoms 

(Equations 27 and 28). 

Ratio of satur~tion factor (Equation 29). 
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Figure 20 

EXPERIMENTAL EXCITATION FUNCTION FOR 

88 sr{p,n) 88y REACTION 
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Table V 

INDEPENDENT CROSS SECTIONS FOR THE FORMATION OF 
87

my FROM 88sr 

-
Proton Monitor Do Do Ratio of cr 
Energy Satur at ion m cr A -7 M 
(MeV) (mb) dis/min x 10 dis/min x 10-8 

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 0 
w 

1 

26.5 480 14.2 1. 39 1. 27 1.05 650 

30 388 15.2 1. 35 1. 27 1.05 * 580 

33 334 12.2 1. 69 1. 27 1.05 * 320 

* Error + 15% 
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Table VI 

INDEPENDENT CROSS SECTIONS FOR THE FORMATION OF 878y FROM 88 sr ___ , 
Proton Monitor Do Do Ratio of a 
Energy a A -6 M Saturation g 

(MeV) (mb) dis/min x 10 dis/min x 10- 8 
R Factors (mb) + 11% 

-
15 460 0. 983 10. 9 2.84 llO 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 ·1 

..... 
24 482 1Ll 1. 28 1. 27 6.22 510 

0 
.j:.'o 

1 

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% 
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Proton 
Energy 
(MeV) 

15 

18.5 

21.5 

24 

25.5 

26.5 

30 

33 

Table VII 

INDEPENDENT CROSS SECTIONS AND ISOMER RATIOS FOR 

THE FORMATION OF NUCLEAR ISOMERS OF 87Y FROM 88 sr 

------
Nuc1ide Isomer Ratio 

a a a(= a + a } a aH m g _!!! (= -} + 8% m g 
(mb) t 11% (mb) t 11% (mb) ag aL 

-
77 130 210 0. 60 

220 250 470 0. 89 

330 270 600 1. 21 

650 510 1160 1. 28 

690 520 1210 1. 32 

650 420 1070 1.55 

* * * 580 330 910 1. 79 

* * * 320 180 500 1. 78 

----------- ____ , 
* Error + 15% 

• 

..... 
0 
Vl 
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Figure 21 

EXPERIMENTAL EXCITATION FUNCTIONS FOR 88 sr(p,2n)BJmY, 

88sr(p,2n) 87gy AND 88 sr(i,2n)BJm+gy REACTIONS 

cross section 

0 87gy cross section 

· 87m+g 
0 Y - cross section 
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Figure 22 

a 
EXPERIMENTAL ISOMER RATIOS (-R) FOR 

aL 

88sr(p,2n) 87m,gy REACTION 
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Table VIII 

INDEPENDENT CROSS SECTIONS FOR THE FORMATION OF 86my FROM 88sr 

-
·Proton Monitor Do Do Ratio of 

Energy Saturation 2 
C1 

C1 A -8 M m 
(MeV) (mb) dis/min x 10 dis/min x 10- 7 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 
1-' 

48 220 1.05 2.60 1. 27 6. 97 79 
0 
00 

1 

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 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 
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Tabl..!L.,!! 

INDEPENDENT CROSS SECTIONS FOR THE FORMATION OF 86Sy FROM 88sr 
-

Proton Monitor Do Do Ratio of 
Energy Saturation a 

C1 A -7 M 
(MeV) (mb) dis/min x 10 dis/min x 10- 7 

R Factors (mb) + 20% 

28.7 422 5.19 39.3 0.444 1.14 28 

~3 334 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. 2i 1.14 260 

48 220 0.878 2.60 1 1. 27 1.14 llO 
...... 
0 

,54 198 0. 603 3.00 1. 27 1.14 58 <.0 

60 180 0. 2 92 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 
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Ta b.!~ 

INDEPENDENT CROSS SECTIONS AND ISOMER RATIOS FOR 

THE FORMATION OF NUCLEAR ISOMERS OF 86y FROM 88sr 
---- -

Nuclide Isomer Ratio 
Proton a erg 0 (= a + a ) a a 
Energy m 

_!!! (= _!!) + 20% m g 
{MeV) (mb) :!:" 18% {mb) t 20% {mb) a a -g L 
-
28.7 - 28 28 

33 17 190 270 0 .4'0 

36 130 310 440 0.43 

40 180 290 470 0.60 ...... 
...... 
0 

42 180 260 440 0.68 

48 79 llO 190 0.73 

54 59 58 120 1.02 

60 42 27 69 1.50 

66 33 31 64 1.10 

72 26 17 43 1.55 

78 18 23 41 o.so 

85 17 20 37 0.88 
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Figure 23 

EXPERIMENTAL EXCITATION FUNCTIONS FOR 
88

sr(p,3n)
86

my, 

88sr(p,3n) 868y AND 88 sr(p:3n) 86m+gy REACTIONS 

cross section 

c cross section 

0 
86m+g 

Y - cross section 
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Figure 24 

a 
EXPERIMENTAL ISOMER RATIOS (-li) FOR 

aL 

88sr(p,3n) 86m,gy REACTION 
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Table X! 

INDEPENDENT CROSS SECTIONS FOR THE FORMATION OF 85my FROM 88 sr 

Proton Monitor Do Do Ratio of (j (j 
m (Average) Energy Saturation m 

~ .. / (j . A -7 M -7 
(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 94 
54 B 198 5.36 3.00 1. 27 0. 215 96.6 ..... ..... 
60 A 180 25.2 9.00 0.444 0.231 51.7 

...., 
1 53 

60 B 180 3.09 2.77 1. 27 0. 215 54.8 

66 A 167 11.5 12.6 L27 0.229 44~3 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 19 
85 B 140 3.06 5.91 1. 27 0.216 19.9 
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Table XII 

INDEPENDENT CROSS SECTIONS FOR THE FORMATION OF 85
gy FROM 88sr 

Proton Monitor Do Do Ratio of a ag (Average) 
Energy a A -7 M Saturation g 

(MeV) (mb) dis/min x 10 dis/min x 10- 7 R Factors (mb} {mb) t 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 

,..... 
,..... 
.r::-

60 A 180 27.4 9.00 0. 444 ' 0.407 99 91 
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 5.91 1. 27 0.396 21.3 
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Table XIII 

INDEPENDENT CROSS SECTIONS AND ISOMER RATIOS FOR 

THE FORMATION OF NUCLEAR ISOMERS OF 85
y FROM 88 sr 

---
Nuclide Isomer Ratio 

Proton C1 c:Jg c:J{= C1 + C1 ) a aH 
Energy m 

_.:6 {= -) + 8% m g 
(MeV) {mb) + 10% (mb) f 10% (mb) am aL 

-----
42 22 2.5 25 0.12 

45 48 69 120 1.43 
.. 

48 59 95 150 1.52 1-' 
1-' 
VI 

54 94 140 230 1.49 

60 53 91 140 1. 70 

66 46 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 

EXPERIMENTAL EXCI~ATION FUNCTIONS FOR 88 sr(p,4n)SSmY, 

88sr(p,4n) 858y AND 88 sr(p,4n)SSm+gy REACTIONS 

1:::. 

a 

0 
85m+g 

cross section 

cross section 

Y - cross section 



z 
0 
H 
E-1 
0 
r:r.:l 
Ul 

Ul 
Ul 
0 
p:i 
0 

50-

20-
L 

S'-

;0 
1 

d 
/ 0 

r:l 
/ 6 

-116a-

1 ~--------~--------~----------~---------~--~ 
30 45 60 75 90 

PROTON ENERGY (MeV) 



• 

- 117 -

Figure 26 

a 
EXPERIMENTAL ISOMER RATIOS (_!) FOR 

aL 

88 sr(p,4n)SSm,gy REACTION 
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Table XIV 

'. 

INDEPENDENT CROSS SECTIONS FOR THE FORMATION OF 84y FROM 88 sr 

Proton Mo~nitor Do Do Ratio of Nuc1ide 
Energy C1 A 7 M -7 Saturation 2 C1 

(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 
1-' 
1-' 

69 161 17.8 8.10 ~.27 5.74 26 
00 

72 156 5.28 2.67 1. 27 6. 09 24 

78 148 8.01 5.01 1. 27 6 .o 9 18 

85 140 6. 49 5.91 1. 27 6. 09 12 

-----
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• 

Figure 27 

EXPERIMENTAL EXCITATION FUNCTION FOR 

88 84 Sr(p,Sn) Y REACTION 

• 
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Table XV 

DISINTEGRATION RATES OF INDEPENDENTLY PRODUCED 85msr AND 85 gsr 
·--

Proton t - t = t Ds Do Ds Do 
Energy s 0 85m _7 

85m _
7 85g 5 85g -5 

(MeV) (min) dis/min x 10 'dis/min x 10 dis/min x 10- dis/mih 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 17.5 13.4 
---

t = time at which the daughter activity was separated from the parent. s 

to = time at which the bombardment ended. 

s -
D85m -

s = 
D85g 

0 = 
D85m 

disintegration rate of the metastab1e state at the time of separation, 
i.e. t • s 

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

disintegration rate of the metastab1e state for the time at the end of 
bombardment (t ) after making appropriate corrections. {Appendix) 

0 . 

D~ 5 = disintegration rate of the ground state for the time at the end of 
g bombardment after making the appropriate corrections. (Appendix) 

• 

..... 
N 
0 
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Table XVI 

INDEPENDENT CROSS SECTIONS FOR THE FORMATION OF 85msr FROM 
88

sr 

Proton Monitor Do Do Ratio of cr 
Energy Saturation m cr A M -7 
(MeV) (mb) dis/min x 10- 7 dis/min x 10 R Factors (mb) "! 20% 

42 252 7.43 25.5 1. 27 0.118 11 

48 220 46.7 13.0 0.444 0.118 41 

54 198 32.3 13.3 0.444 0.118 25 ...... 
N 
...... 

60 180 27.2 9.00 1 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 .o 9 3.11 1. 27 0.118 29 

85 140 32.12 28.4 1. 27 0.122 2S 
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Table XVII 

INDEPENDENT CROSS SECTIONS FOR THE FORMATION OF 85 8sr FROM 88sr 

-
·Proton Monitor Do Do Ratio of IJ 

Energy IJ A .M -7 Saturation _2 
g 

1 . -5 {MeV) (mb) dis min x 10 dis/min x 10 R Factors x 10 (mb) !' 12% 

42 252 1. 75 25.5 1. 27 1.19 26 

48 220 15.7 13.0 0.444 1.19 140 

54 198 29.4 13.3 0.444 1.19 230 
...... 
N 

60 180 14.9 9.00 0.444 1.19 160 N 

' 

66 167 7. 44 12.6 1. 27 1.19 150 

72 156 8. 4 7 14.8 1. 27 1.19 130 

78 148 1. 68 3.11 i. 27 1.19 120 

85 140 13.4 28.4 1. 27 1.18 lOO 
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Table XVIII 

INDEPENDENT CROSS SECTIONS AND ISOMER RATIOS FOR 

THE FORMATION OF NUCLEAR ISOMERS OF 85 sr FROM~ 88 sr 

-
. Nuclide Isomer Ratio 

Proton C1 CJ Cl(= CJ + CJ ) 
C1 . C1 

Energy m g _a (= _]!) + 22% m g 
(MeV) {mb) "t 20% (mb) "t 12% {mb) C1 C1 -m L 

-
42 11 26 37 2.4 

48 41 140 180 3.4 
..... 

54 25 230 260 9.1 
t-) 
Ü) 

1 
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 lOO 130 4.0 
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• 

Figure 28 

88 85m 
EXPERIMENTAL EXCITATION FUNCTIONS FOR Sr(p,p3n) Sr, 

88 sr(p,p3n) 858sr AND 88 sr(p,p3n) 8Sm+gSr REACTIONS 

1 
85msr b. cross section 

0 85gsr cross section 

0 85m+gsr - cross section 
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Figure 29 

EXPERIMENTAL ISOMER RATIOS FOR 

88 sr(p,p3n)SSm,gSr REACTION 
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Table XI! 

INDEPENDENT CROSS SECTIONS FOR THE FORMATION OF 
86

Rb FROM 
88

sr 

Proton Monitor Do Do Ratio of Nuclide 
Ehergy a A 5 M -7 Saturation a 
(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 1.'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 14 1-' 
N 

54 198 7.14 13.3 , 0.444 34. 1 16 "' 
60 180 9. 7 9 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 

88 sr(p,2pn) 86Rb REACTION 
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Table XX 

INDEPENDENT CROSS SECTIONS FOR THE FORMATION OF 84 Rb FROM 88 sr , ____________ 
Proton Monitor Do Do Ratio of Nuclide 
Énergy C1 A ·5 M Saturation C1 

(MeV) {mb) dis/min x 10 dis/min x 10- 7 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 
.1 

40 26.5 7.02 20.4 0.444 60.2 24 ..... 
N 

42 252 2.32 25.5 1. 27 60.2 18 00 

48 220 2.66 13.0 0.444 60.2 12 

54 198 2.38 13.3 0.444 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 
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Figure 31 

EXPERIMENTAL EXCITATION FUNCTION FOR 

88sr(p,an) 84Rb + 88sr(p,2p3n) 84Rb REACTIONS 
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Table XXI 

INDEPENDENT CROSS SECTIONS FOR THE FORMATION OF 83Rb FROM 
88

sr 

-
Proton Monitor Do Do Ratio of Nuclide 
Energy cr A -4 M -7 Saturation _2 cr 
(MeV) (mb) dis/min x 10 · dis/min x 10 R Factors x 10 (mb) + 11% 

- - -
33 334 2.16 32.6 0.444 1. 51 1.5 

36 298 12.7 22.2 0.444 1.51 11 

40 265 40.6 20.4 0.444 1.51 35 
J-1 

42 252 23.2 25.5 1. 27 1.51 44 w 
0 

' 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 
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Figure 32 

EXPERIMENTAL EXCITATION FUNCTION FOR 

88 83 88 83 
Sr(p,a2n) Rb + ~r(p,2p4n) Rb 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 energies studied 

in this work, have been presented in Figs. 22, 24, 26 and 29 

respectively. The decay schemas, shown in·the preceding 

chapter, indicated the spins of the relevant states. In all 

cases, an isomer ratio referred to the ratio of cross sections 

of the higher spin to that of the lower spin isomerie state. 

Figure 33 shows a plot of excitation energy versus 

isomer ratio for the nuclear isomers of 
81

Y produced in different 

85 
reactions. The isomer ratios for the reactions of · Rb(a,2n)· 

and 
87

sr(d,2nf [Fig. 33(a) and (b) respectively] were studied by 

vàndenbosch et a1.<
62

) whereas those for 
88

sr(p,2n) rea~tion 
were obtained in this work. In all cases, the same compound 

riucleus, 
89

!, 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 c 

E = E + Q c cm (30) 

where E is the kinetic energy of the projectile in the centrecm 

of-mass system and Q is the 'Q' value for the formation of the 

compound nucleus. The latter were calculated from the mass 

(112) tables of Wapstra et al. 
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Figure 33 

(J 

EXPERIMENTAL ISOMER RATIOS (_tl) AS A FUNCTION OF 
crL 

EXCITATION ENERGY FPR THE REACTIONS 

(a) 85Rb(a,2n)87m,gy 

} Ref. 62 

(b) 87Sr(d,2n)87m,gy 

(c) 88 sr(p,2n) 87m,~y -- Present work 

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 

f~gure. The alpha particles can bring a larger amount of 

angular 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 

. increasing slopes of the curves showing proton, deuteron, and 

alpha particle reactions. The higher isomer ratios for deuteron 

and alpha particle reactions to those of protons are also due to 

the fact that. 88sr is an even-even nucleus and thus has a spin of 

. 87 85 zero for its ground state, whLle ' Sr and Rb 

5 and 1 respectively for their ground states. 

9 
have spins of 2 

A quantitative 

calculation for the theoretical estimation of isomer ratios for 

88 the Sr(p,2n) reaction and its comparison with experimental 

resulta is presented in the next section • 

. 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 

reasonable kinetic energy (because of higher excitation energy 

of the residual nucleus after the emission:of the first neutron) 

the ~econd neutron will be emitted with very low energy, even 

slightly above the threshold. The unavailability of high spin 

states at low excitation energies thus forces the competition 

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]. 

Th~ firiite energy difference between the ground and 

metastable states could also be important near the threshold of 

the reaction. 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. ~he considerations of this 

and the preceding paragraph should therefore be important for 

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

The isomer ratio for the 88sr(p,3n) 86 g,my reaction 

(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 init~~l 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 •etastabl~ 

and ground states for this isomerie pair are 8 and 4 respectively 

while the relevant intermediate level (which is important 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 coritribute to the 

formation of the ground state while states with angular momentum 

values of 7 or greater should decay to the metastable state. 

The spin distributions of the compound nuclei formed at 39 and 

45 MeV have been computed using square-well transmission 

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

mean:square values as computed by the program of Hofner et al.(ll4 )) 
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•• 

Figure 34 

ANGULAR MOMENTUM DISTRIBUTION OF COMPOUND NUCLEI 

PRODUCED BY PROTONS 0~ DIFFERENT ENERGY 

(a) 39 MeV (full line) 

(b) 45 MeV . (dashed line} 

Square-well transmission coefficients with r • 1.5 F 
"''' \'0 

were used in computing the spin distributions 
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at these energies corresponds to about 6.4 and 6.9 ~ respectively. 

Following the emission of neutrons and the gamma-ray cascade, 

the spin distributions shift to lower values as is ev~dent in 

Fig •. 41. 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 ratios 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 

coriesponding excitation function ·curves. The decrease.at 

higher energies is usually attributed to the direct interaction 

according to which only 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 
88sr(p,2n) 87m,gy REACTION 

The calculations were performed using a formalism due 

to Vandenbosch and Huizenga( 57 • 119) and based on the assumptions 

of the statistical model. They have also coded a computer 

program(ll4 ) (Fortran IBM-704). which, 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. Dudey and Sugihara(llS) and Need(ll 6) .have 
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investigated this problem. Following these investigations, 

Vandenbosch et al. ( 62 l investigated the effect of competing 

channels in the particular case of the 87 sr(d,2n) 87m,gy reaction. 

They found that the resulta were affected very insignificantly. 

This is of particular interest to us as the compound nucleus in 

this case and in our investigations is the same and should be 

expected to have a similar negligible effec~. 

The theory of the calculation procedure is described 

in the cited rèferences< 57 , 113 , 114 ), and a desc~iption of the 

requir~d parameters as used in the computations is described 

below. 

V-3. PARAMETERS NECESSARY FOR THE CALCULATION 

V-3.1. The Spin Cutoff Parameter. ) 

The importance of·this J?arameter has been well 

emphasized in Chapter I (I-7.2). In performing isomer ratio 

calculations, this parameter must be supplied at each stage of 

de-excitation of the excited nucleus. Various modela, as used 

to determin• its values, are described below. 

V-3.l.(a) Fermi Gas Model: The equation of stat~ for this 

model is given( 67 ) by 

2 
U • at - t 

where U = E = excitation energy as measured from the 

normal ground state, 

and t • therm.odynamic temperature. 

Also, the spin cutoff parameter ·, S • is given by 

(31) 
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~2 = ct = 
It 
fl2 

(32) 

where 'c' is a parameter which cou1d be interpreted in terms of 

moment of inertia 1 1 1 as in equation (32) or be described by the 

relation( 4 ) 
2 

'c=<m >g (33) 

where 1 m1 is the magnetic quantum number and the quantity < m2> 

is the mean square va 1 ue of 1 m 1 for s ing1e part ic1e states close 

to the Ferm~ 1evel. The single particle level density 1 g 1 is 

related to the level density parameter 1 a 1 by the relation( 67 ) 

2 
j( ' 

a= 6 g 

For nucleons moving independently in an infinite square-well 

potential, ·the moment of inertia(4 •55 ) becomes equal to the 

rigid body moment of inertia 'Ir' :and is given by 

where M = mass of the nucleon, 
n 

R = radius of the nucleus, and 

A = mass number. 

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

2 Mn R A2 
(:'2 
il = 5 fl2 

1 + v1 + 4a u 
2a 

(34') 

(12) 

(35) 

in which only the positive root of 1 t 1 was selected, as negative 

temperatures are not permitted • 

Equation (35) was used to construct a plot (Figs.35-38) 

of 1 i• versus excitation ~nergy (E) for a simple Fermi gas 
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model. -13 The radius parameter value of 1.2 x 10 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 rati9S to those obtained experimentally. The spin 

cutoff parameter values corresponding to a fractional rigid-body 

moment of inertia were also obtained from the same graph. 

It bas been pointed out before (Section I-7.2) that 

this reduction of moment of inertia from its rigid body value is 

usually attributed to pairing interaction. For a Fermi gas 

model t~is is taken into account by measuring· the excitation 

energy from the mass surface of an odd-odd nuclide. . Pairing 

corrections for the odd-even and even-even nuclides are ·then 

applied as follows. 

U • E for odd-odd nucleus 

U • E - â for odd-even nucleus {36) 

and U • E - 2â for even-even nucleus 

where â is the pairing energy and is taken(ll 7 ) to be 

â = 1.35 MeV for mass numbers 87 and 88. 

Equation (35) was again used for constructing the plot 

of i versus excitation energy except that U is taken from (36) 

for the nuclide concerned. Such a plot, however, leaves ) 

undefined for excitation energies of up to â MeV for odd mass 

nuclides (e~en•even nuclides were not involved). The value of 

2 < 2 i = 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 1 shifted 1 Fermi gàs model after Vonach~t a1.< 69)) for 

various level density parameter values and mass numbers 87 and 

88 are shown in Figs. 35 to 40. 

V-3.l.(b) Independant Pairing Model: In this model, the 

effective excitation energy'is measured from a fictitious 

reference surface which lies even below the even-even mass 

(62 66 67) 
~urface, and is obtained from the following·expressions •.. ' ' 

u• E + 1 t:~? for even-even nuclides = -g 3 

u• = E·+ ..!.g A2 + A for odd-even nuclides 3 (37) 

and u• E 
1 "2 

2A for o'dd-odd nuclides - + -g A + 3 

The spin cutoff parameter is obtained from 

2 -0.874 A/t $ = c 1 t • ct e (38) 

while the thermodynamic temperature 1 t 1 is obtained from t~e 

equation of state 

2 u• • at - t ( 39) 

The plots of i 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. (
62

) in not adding( m.2> or (2m
2> to the 

values of 
2 S as obtained from (38) to odd-mass or odd-od~ 

nuclides respectively as suggested by Lang and LeCouteur( 66 ) but 
2 . 2 

have taken . $ to be equal to ( m > for excitation energies of 

less than A MeV in the case of odd mass nuclides. 
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V-3.l.(c) Super Conductor Model: The strength of pairing 

interaction in this model is reflected in a quantity called 

. ( 67) 1 correlation parameter' (e ) • Although Lang assumed it to . 0 

be approximately equal to 'the pairing energy A, Vona:ch et al. ( 69 ) 

suggest a better approximation of 

(40} 

The calculations reported in this work are also based on this 

value. The ground state of the superconductor lies below the 

Fermi level by a condensation energy, C , and is obtained from . . 0 

the equation 

2 
C 

0 
= 0 • 4 7 .at c 

where tc is the critical temperature and is related to the 

correlation parameter by the expression 

(41) 

. (42) 

The critical energy above which the superconductor behaves like 

a simple Fermi gas whose gro~nd state is shifted upwards by the 

condensation energy •c 1 is given by 
0 

(43) 

The spin cutoff parameter.is given by the relation 

2 S = ct A(U) (44) 

where A(U) is an integral arising out of saddle-point integration. 
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( 6'9) 
Vonach et al. have tabulated its values as a function of the 

ratio of thermodynamic temperature to critical temperature. 

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) making use of {40) and known pairing ~nergy; and 

was used in determining U from c 
u (43). A table of :--7 was made 

2atc 
for assumed values of 'a' while the excitation energy, U, was 

varied at a step of 1 MeV. The corresponding values of 1 t 1 and 

A(U) were noted. from the table of Vonach· et. al.( 69} for each cal-

u culated value of ~· The spin ~utoff factor 
2atc I 

from these values of 1 t 1 and A(U), using c= ~· 
. h 

was thus obtainable 

· 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 nuc1ides c 

respectively. The constructed plots of ~versus E for this.model, 

for various values of 1 a 1 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< 122 ) 

N( E } .CE. exp(- ~ /T) 
n n n (45) 

where N( E ) is the relative number of neutrons of kinetic energy 
n 

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

linkej to the excitation energy of the residual nucleus by the 

relation 
( 67} ' 

(46) 
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Figure 35 

VARIATION OF SPIN CUTOFF PARAMETER WITH 

EXCITATION ENERGY FOR VARIOUS MODELS, 

A = 88 (ODD-ODD) AND a = t (11 MeV-l) 

(The excitation energy was measured 

from the normal ground state) 
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Figure 36 

VARIATION OF SPIN CUTOFF PARAMETER WITH 

EXCITATION ENERGY FOR VARIOUS MODELS, 

( A ( -1 A • 88 ODD-ODD) AND a • 5 . 5 16 MeV ) 

(The excitation energy was measureà 

from the normal grounà ~tate} 
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Figure 37 

VARIATION OF SPIN CUT~FF PARAMETER WITH 

EXCITATION ENERGY FOR VARIOUS MODELS, 

A = 8~ (ODD-ODD) AND a = ~ (22 MeV-l) 

(The exci~ation energy was measured 

from the normal ground state) 
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Figure 38 

' 
VARIATION OF SPIN CUTOFF PARAMETER WITH 

EXCITATION ENERGY FOR VARIOUS MODELS, 

A ( -1 A • 87 (ODD-EVEN) AND a • S 11 MeV ) 

(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 
A • 87 (ODD-EVEN) AND a = 5:5 (16 MeV ) 

(The excitation energy was measured 

from the normal ground state) 
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Figure 40 

VARIATION OF SPIN CUTOFF PAR.AMETER. WITB 

EXCITATION ENERGY FOR. VARIOUS MODELS, 

A -1 A • 87 (ODD-EVEN) AND a = 4 (22 MeV ) 

(The excitation energy was measured 

from the normal ground state) 
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where 1 a 1 is the familiar level dens~ty parameter. 

Bishop( 60 ~ 119 ) bas shown that the energy spectrum of 

neutrons represented by (45) could be approximated by assuming 

that the neutrons are emitted ~ith an average energy ~f (2T); 

the temperature being obtained from the average excitation 

energy of the residual nucleus. His results also showed that 

the calculated isomer ratios are rather insensitive 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. 

( 30) 

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

o.btained by 

E = E - B - 2T - Ap r c n 

where B = binding energy of the 'outgoing 1 neutron~ 
n 

(47) 

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

A = pairing energy correction (as discussed in Fermi 
p 

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. 

E = E r c 

or 

- B n 

Substituting (47) in (46), one gets 

- 2T - 6. p 
2 

• aT - 4T 

2 
aT - 2T - (Ec - B - A ) • 0 n P (48) 
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from which 'T' could be obtained as 

T • 1 + V1 + ( E 0 - Bn - àp) a 

a (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' were compared with the temperatures 

obtained from inelastic neutron scattering data as plotted by 

Vonach et a1.< 69 ) (at appropriate excitation energies for th~ 

residual nuclei). A level density parameter, which gave good 

agreement with ine1astic scattering data, was selected. The 

average kinetic energies of neutrons calculated with this value 

of 'a' were used in the calculations of isomer ratios by all 

modela. It may be noted that the excitation energy 

was used in place of E to repeat the calculations for the 
c 

evaporation of the second neutron. 

V-3.3. Hultipolarity 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 very meagre. Independent particle model calculations of 

Strutinski et al.( 120 ) show that neutron capture gamma rays 

should exhibit a broad spectrum peaking between ~ and 3 MeV for 
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dipole emission; in agreement with experimental resulta. 

. (121) . 
Mollenauer finds that for charged-particle reactions 

4 12 . 
induced by· He and C ions (i.e. involving high angular momenta) 

gamma rays consist predominantly of quadrupole rad~ation. 

Vandenbosch et a1.<
62

) interpret Mollenauer's results in terms 

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 when formed with protons of en~rgy 33 MeV 

is about 6 ~ compared to 20 -38 ~ (for carbon ion reactions) 

according to Mollenauer. Some quàdrupole radiation which could 

be 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 therefore based on· , 

the assumption that gamma rays consist of dipole transitions. 

The empirical formula suggested by Vonach et al.(GS) 

E 5 1/2 
E =4[(---)] 

1 a 2 a 
(50) 

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

formula is only slightly different from that of Strutinski's( 120 ) 

formula, E = 2(~ + 1)~ which was derived using a level r. a 

density of .. f.c. exp[2(au)
112

], while equation (5o) is a close 

approximation to the one derived by assuming the level density 

as 0~ u-
2 

exp[2(au) 112 ]). Th 1 1 d f , ~ e ca cu ate average energy o 

- . 
the ·gamma ray, E

1
, was subtracted from the initial excitation 
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energy E~ to compute the average energy of the next gamma ray. 

The process was continued till the excitation energy was less 

than 2 MeV. The choice of excitation energy at which the 

isomer-deciding transition (of any multipolarity) is emitted is 

somewhat arbitrary. The prescription of Vona:Ch:-e·t al. ( 69 ) was 

followed ~n this way. For excitation energies greater than 

2 MeV, it was assumed that the next gamma r~y did not contain 

any of the 1 deciding 1 gamma-ray transition. For excitation 

energies 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 preéeding 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 w~s 

checked( 6 S) in one case (Fig. 46) ·by assuming the energy 

boundaries as 1.5 - 0.75 and 2.5 - 1.5 MeV besides the condition 

of 2 - 1 MeV as described in the preceding paragraph.· The se 

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 
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at a particular energy of bombardment (although the reported 

energy spread in the beam is f 2 MeV)~ The associated trans-

mission coefficients were calculated by the optical model 

potential and parameters due to Perey( 122 ) and Hodgson et 

a1.< 123 ) (Table XXV, Appendix). Transmission coefficients 

were also calculated using a square-well potential in a 

calculation similar to that of Feshbach, Sh~piro and 

Weisskopf.< 124) 

The transmission coefficients'corresponding to the' 

•calculated average energiest (Section V-3.2} of neutrons were 

obtained by optical model calculat~ons using paramet~rs due to 

Campbell et al.( 125 ) (Table XXVI, Appendix). Transmission 

coefficients were also calculated, using a square-well potential 

in a manner similar to Feld et a;.< 126 ) 

In the calculations described below, unless stated 

to the contrary, it should be assumed that optical model 

transmission coefficients have been used wherever required. 

V-3.5. Level Density Parameter 

For free nucleons confined in a nucleus of radius R, 

( 127) this parameter is given by 

a • (51) 

By making a simplifying assumption that N • Z • ~ and defining 

R • r A1 / 3 , (51) reduces to 
Q 
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a = 2(.!)4/3 . 3 • 

2 
mr 

o A 
fl2 

as giv~n by Bodansky.(lS) Again substituting for m (the 

nucleon mass) and fl, one gets 

~ = 0.0512 r 2 A MeV-l 
0 

(52) 

(53) 

where r is now a radius parameter in fermis. 
0 

For r = 1. 2, 
.o 

a = A and for r - 1 5 a - _!_ Thus reasonable values of 13.5 0- • ' - 8.7· 

1 a 1 should range between these limits. The calculations reported 

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

density parameters to agree with the experimental re~ults. The 

calculations were therefore performed for various values of 

level density parameter~. 

V-4. SPIN DISTRIBUTIONS AT DIFFERENT STAGES 
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 the spin distribution at different stage~ of the 

de-excitation process. The spin cutof'f pa~ameters, required at 

each de-excitation stage, were obtained from the superconductor 

-1 
model and a level density parameter of 16 MeV 

transitions were assumed to be dipole in nature. 

The gamina 

Curve (a) representa the spin distribution for the 

initial compound nucleus formed by protons of energy 24 MeV with 

target nuclei of 
88

sr. The spin distribution following the 
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Figure_il 

SPIN DISTRIBUTION AT VARIOUS STAGES OF THE CALCULATION 

FOR THE 88sr(p,2n) 87m,gy REACTION, AT 24 MeV, USING 

.SUPERCONDUCTOR MODEL AND a = 5~ 5 (i6 MeV-l) 

(a) Solid curve corresponds to the distribution in 

angular momentum of the compound nucleus 

(ss 8r + P _.saY). 

(b) Dashed curve corresponds to the spin distribution 

following emission of the second neutron . 

. (c). Dash-and-dot curve corresponds to the changed 

spin distribution following the emission of 

~he 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 = f indicates the 

dividing point. States to thi left of the bar 
' 1 

populate the ground state (I = 2) and states to 

the right populate the metastable state (I = f>l 
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emission of the first n,eutron is not shown in the diagram while 

curve (b) shows the spin distribution, following the emission ·of 

1 

the second neutron. The distributions following the emission 

of first and second gamma ray are 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 

5 
dividing the qistribution at J • 2· (Recall that the metastable 

state bas a spin of Ï while for the ground state I = 1/2.) 

5 ,States with J greater or less than 2 are assumed to populate 

~.~t:a·stable and ground state respectively, whereas hal:f. the 

. ' 5 
states ~rom J • 2 are assumed to decay to each of the metastable 

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

5 . 
J • 2 in the diagram. 

V-5. COMPARISON OF EXPERIMENTAL RESULTS 
WITH CALCULATIONS 

The calculated results reported ·below are based on 

various choices of parameters as discussed in Section V-3. 

Invaria)ly, the experimental points have been represented by 

'open circles' while a smooth curve (full line) is drawn through 

the calculated points. 

Figure 42 shows results calculated on the basis of the 

simple Fermi model. The calèblated results, ustng spin cutoff 

parameter values obtained from rigid body moment of inertia and 

A level density parameter of a = S' are very high compared to 

expe~iment~l 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 = t (11 MeV- 1) 
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many workers. However, agreement with experimental results 

is o bta ined by us ing $ • 0. 64 S ( S denotes the spin cutoff r r 

parameters obtained from the simple Fermi model) which 

corresponds to I • 0.4 I , approximately. 
r 

The calculated results in Fig. 43 are in accordance 

with spin cutoff parameter values obtained from a shifted Fermi 

gas model and various choices of level dens~ty parameter 

A A A -1 (a • 8 • 11; 5 • 5 = 16; 4 • 22 MeV ). The calculated resulte 

for the more reasonable valuer of a = t are very high compared 

to the experimental resulta; which are in agreement with 

A resulta computed by using a = 4• 

In another attempt, the level density parameter value 

A of a ~ 8 was retained while the spin cutoff parameter values 

were reduced by multiplying ~SF with a constant fraction, which 

in turn corresponded to a reduced·moment of inertia. The 

calculations were performed using S= 0.8 ~SF and S. O. 75 ~SF 

and the resulte are shown in J?ig. 44. ( ~SF = spin cutoff 

parameter due to shifted Fermi model.) The experimental resulte 

are in very good agreement with the calculated values for 

S = 0.75 S
8

F which corresponded 'to an effective moment of 

inertia I = 0.57 I • The latter result is in good agreement 
r 

with the value of I • 0.65 Ir' reported by Vandenbosch et a1.<
62

) 

85 87 ' 
for similar calculations of Rb(a,2n) and Sr(d,2n) reactions. 

Figure 45 shows comparison of experimental and 

calculated results using·spin cutoff parameter values obtained 

from the independant 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 PARAMETE~ 
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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 • ~ ( 11 MeV·-l) 
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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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-1 
to be in agreement with lavel density parameter value a= 13 MeV 

Figure 46 shows the resulta obtained fro~ the super-

conductor model and various choices of level density parameter; 

and the experimental resulta are seen to be in good agreement 

-1 
with the values computed with a = 16 MeV . 

The results described above can be understood by 

looking at the graphs (Figs. 35-40) of spin, cutoff parameter 

values versus excitation energies. The independent pairing 

model 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 relatively small value of the level density 

A parameter ( ~.7) in order to produce agreement between 

experimental and calculated results. The superconductor model, 

on the other band, 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 ( ~ 5~5 ), between the Fermi 

gas model and the independent pairing model, is therefore 

required for the task. A shifted Fermi ga~ model will obviously 

require an even higher value of the level density parameter (~!)~ 

It is not gratifying to have obtained such a high value 

of the level density parameter. Yet it should be pointed out 

that the isomer ratios of 87m,gy obtained from reactions 

85 87 88 
Rb(a,2n), Sr(d,2n) and Sr(p,2n), which proceed via the 

same comp~und 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 ANQ INDICkTED 

VALUES OF THE LEVEL DENSITY PARAMETER 

[The crosses (x) denote the calculated isomer 
. -1 

ratios for a = 16 MeV an~ corresponding 

energy of protons. The vertical bars 

represent 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 COEFFICI!li!2 
ON ISOMER RATIOS 

Transmission coefficients were calculated using a 

square-well potential and the optical model with parameters due 

to Perey( 122 ) and Hodgson et a1.( 123 ) for protons and Campbell 

et a1.< 125 ) for neutrons (Section V-3.4). 

calculated using these two sets of transmission coefficients 

while the remaining parameters, for a particular energy of 

protons, were identical. The resulta are presented in Table 

XXII. (Spin cutoff parameter values were obtained from the 

-1 superconductor model and level density parameter a = .16 MeV .) 

Table XXII 

COMPARISON OF ISOMER RATIOS OBTAINED USING 

SQUARE-WELL AND OPTICAL MODEL TRANSMISSION COEFFICIENTS 

Proton 
Energy 
(MeV) 

18.5 

24.0 

30 .o 

Isomer Ratios with Transmission 
Coefficients computed with 

·~-----------------------Optical Model Square-well Square-well 
Parameters potential with potential with 

1.12 

1. 29 

1. 87 

r
0 

= 1.5 F r
0 

= 1.7 F 

1.02 

1. 24 

1. 85 

1. 23 

1.50 

2. 23 . 

It is thus seen that isomer ratios computed by square-

well transmission coefficients, using r = 1.5 F, are in very 
0 

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, 

< (13 29 128-37) ( 50 MeV), many workers ' ' have performed evaporation 

calculations using equation {6). To include the consequences 

of direct interaction mechanism, some workers(l 3 , 136 ) have 

coupled the output from calculations of the .cascade process to 

that of evaporation calculations using Monte Carlo techniques 

(Section I-5). The agreement with the experimental results has 

been fair. Esterlund and Pate( 7 ) ~nalyse~ 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 parameter ( ........,.~), 

the values for the rat~o of the nucleir moment of inertia to 

that of the rigid body moment of inertia (J_) were less than 
Ir 

satisfying. 

We have not attempted to perform any quantitative 

.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 

function curves presented in Figs. 20,21,23,25,27,28,30,31 and 

32. Excitation function measurements reported for other studies 

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

V-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 proton 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 particles. Much of this 

is borne out by the excitation function curves and especially 

the (p,xn) curves (Fig. 47). The curves also exhibit 1 tails' 

in contradiction to compound statistical assumptions [as is very 

clearly manifested in the (p,n) excitation function curve1 and 

are evidence in favour of a direct interaction mechanism. 

Figure 47 shows the excitation functions of all the 

(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 neutrons. increase. This is because, at high energies, 

other reactions such as (p,pxn), '(p,2pxn), etc., also become 

energetically feasible; and, as the total reaction cross section 

approaches a constant value, individual cross· sections ought to 

decrease in magnitude. 

• P · . d' · .. h 63c d 6Sc (131,134) rev1ous comparat1ve stu 1es w1t u an u , 

6 9 7 1 ( 13 ) . ( 130 131) Ga and Ga , and amongst the nickel 1sotopes ' have 
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_Eigure 4 7 

EXPERIMENTAL EXCITATION FUNCTIONS FOR 

88
sr(p,xn) REACTIONS 

• 88Sr(p,n)88y 

0 88Sr(p,2n)87y 

1:::. 88Sr(p,3n)86Y 

D 88Sr(p,4n)85y 

0 - 88Sr(p,Sn)84y 
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Reaction 

(p,n) 

(p,2n) 

(p,3n) 

(p,4n) 

(p,5n) 

(p,p3n) 

(p,2pn) 

(p,an) 

(p,2p3n) 

(p,a2n) 
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Table XXIII 

PEAK CROSS SECTIONS AND ENERGIES FOR SOME 

PROTON-INDUCED REACTIONS IN 88 sr AND 89~( 136 ) 

88Sr 89y 

(Target) (Target) 

Peak Energies Peak Cross Peak Energies Peak Cross 
Sections Se ct ions 

(MeV) (mb) (MeV) (mb) 

13.5 1000' 13 720 

25.5 1200 2.6 1380 

39 500 40 380 

54 230 55 80 

69 26 

54 250 59 218 

60 30 

36 32 

72 50 

48 73 
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shown that {a,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, 
88

sr 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) 

89 products for proton-induced reactions in ~ have recently been 

(136) . 
reported from this 1aboratory and the peak cross sections 

and coTresponding energies have a1so been tabu1ated in Table 

XXIII for comparison. While the peak cross sections for (p,2n) 

reactions are about the same in the two cases (and ~ré maxima in 

both studies), the cross sections for other (p,xn) products are 

1ower for reactions induced in 89y than in 88sr. One of the 

possible factors eKplaining the higher yields of {p,xn) reactions 

in th 1s work is pro ba b1y the h igher enrichment in neutr'ons of 

88 87 
The N/Z ratio for Sr is 1.316, for Sr - 1.290, and 

89 
for Y - 1. 282. 

A1bouy et a1.( 1 ll} have recently reported the 

excitation function measurements for s9me (p,n) reactions. 

88 
Inc1uded amongst them is the Sr(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 on1y reaction studied amongst the (p,pxn) 

family, as the products of (p,p-xrl.)reactions are either stable or 
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yield only partial cross sections. In common with other 

similar studies, the peak of the 
88

sr(p,p3n) reaction (Fig. 28) 

is shallow. The relatively 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);f(p,.p3n) reactions is 

plotted in Fig. 48. Except near the thresholds of the reactions, 

the isobaric ratio steadily decreases with increasing energy, 

indicating the increasing relative probability for proton 

emission with the increase of prot~n bombardment energy. It 

may be remarked that, near the high energy end, approximately 

the same value of isobaric ratio (0.2 - 0.3) was obtained for 

(p,xn);f[p,p(x-l)n] reactions in the studies of proton-induced 

. . . (136) react1ons 1n yttr1um. 

V-7.3. (p,2pxn) Reactions 

The measured excitation functions of this family are 

shown in Figs. 30-32. 

The'shape of the (p,2pn) excitation function curve is 

similar to that observed by Porile et al.(l 3 ) for the 

71 69 
Ga(p,2pn) Zn reaction. The excitation function reaches its 

peak value and then decreases slowly.· The relatively low cross 

sections for this reaction indicate 1 difficulty 1 on the part of 

the excited nucleus to emit protons in preference to neutrons. 

The excita t iiln .funct ion·· 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)J' (p,p3n) 

REACTIONS VERSUS PROTON ENERGY 
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two peaks instead of one normally observed in medium energy 

nuclear reactions. The peaks are ascribed to two different 

reaction paths 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 the 

reactions concerned are listed in Table XXIV. 

* 

Table XXIV 

COMPARISON OF THRESHOLDfl FOR (p,2pxn) AND 

[p,a(x-2)n] REACTIONS 

Reaction 

88
sr(p,2p3n) 84Rb 

88.sr ( p, an) 84Rb 

88 sr(p,2p4n) 83 Rb+ 

88
sr(p,a2n)

83
Rb 

* Threshold · 

(MeV) 

40.1 

11.5 

48.3 

19.6 

Q vilues obtained from the 'maas excess' tables of Wapstra 
et al. ( 112) 

+Mass excess table of Wapstra et al~ does not give the mass 

excess·for 83Rb. "seeger~s( 138 ) table indicates that the 
84 83 mass excess for Rb and Rb are very nearly the same. 

84 
The mass excess of Rb from the table by Wapstra et al. 

was therefore used for 8 ~Rb . 
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( 139) Fulmer and Goodman have conducted a survey of 

( P' a) reactions induced by protons of energy rangi~g between 

9.5 and 23 MeV and in numerous elements throughou~ the periodic 

table. From their energy and angular distribution studies, 

they concluded that for Z ~50 a large fraction of (p,a) 

reactions proceeds by compound nucleus reactions and that 'alpha 

particles experience a lower coulomb barrie~ in leaving an 

excited compound nucleus than in entering a ground state 

nucleus'. The competitive behaviour of (p,an) and (p,a2n) 

excitation function curves in this work also supports the 

compound nucleus mechanism for the'se rea ct ions. 

Many workers(lJO-J 2 , 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 

been 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 

magnitude of the two peaks in both excitation function curves 

indicates a substantial probability for alpha emission even when 

the projectile is i\ot&n alpha particle. 
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VI. SUMMARY 

Excitation functions for the (p,xn) (x= 1- 5), 

(p,p3n) and (p,2pxn) (x = 1,3,4) reactions induced in 
88

sr by 

protons of energies from 7 to 85 MeV have been measured by 

.radiochemical techniques. Shapes of the excitation function 

curves and their intercomparison show various features which are 

in accordance with compound nucleus and direct interaction 

mechanisms. Excitation functions for the (p,2p3n) and (p,2p4n) 

reactions exhibit two peaks. Threshold considerations rule out 

the possibility for the occurrence' of these reactions at energies 

where their products are observed. Observation of these 

products at such energies is more consistent with the assumption 

of (p,an) and (p,a2n) reactions, and the first peaks of each of 

the excitation function curves are assigned to these two 

rea ct ions. The competitive behaviour of (p,an) and (p,a2n) 

excitation function curves suggests that these reactions proceed 

predominantly by compound nucleus mechanism. 

The ratios of the formation cross sections of the high 

spin isomér to that of low spin as a function of proton energy 

have been obtained for the products of (p,2n), (p,3n), (p,4n) 

and (p,p3n) reactions. Qualitative considerations are presented 

to explain certain featuFes of these curves. Comparison of the 

88 87 85 87 
experimental isomer ratios for the Sr(p,2n) Y, Rb(a,2n) Y 

d 
87 sr(d,2n.) 87Y i h 11 h d an react ons, w en a t e reactions procee 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 calculations based on the Vandenbosch-Huizenga 
85 . 87 

formalism for the isomer ratios of Rb(a,2n) and Sr(d,2n) 

reactions have been performed by Vandenbosch et al. using spin 

cutoff parameters obtained from various models. Similar 

calculations using spin cutoff parameters o~tained 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 the level 

density parameter (but very nearli the same) tban those 

A A considered reasonable (8 - 12) were required to obtain agreement 

between experimental and calculated results. 

Computer programs were written to calculate the 

transmission coefficients using the optical model and s~uare~well 

potentials as required in the calculation of isomer ratios. 
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APPENDIX 

App.-1. CALCULATIONS FOR THE DISINTEGRATION 
RATES OF THE GROUND AND METASTABLE 
STATES OF 85sr 

85 The relevant part of the mass chain of Sr is 

(stable). 

Since it is desirable t~ discuss the corrections for 

both isomers separatelyt this is done as follows. 

BSmSr: This isomer~c species forms both independently during 

bombardment and as a result of decay from BSmy during and after 

the bombardment till strontium activities are separated' from the 

yttrium fraction. 0 0 
Let us denote D1 and n2 c as the disintegration 

rates for the times at the end of bombardment and ts - t
0 

... t.l as 

the time interval between the end of bombardment and separation 

of the strontium sample from the yttrium fraction. The 

s 85m disintegration rate n2 for Sr at the time of separation is 

given by 

(i\-1} 

s 0 0 
Thus, knowing D2 , n1 , t 1 and the decay constants, n2c could be 

found. 
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f h h f 85m f 85my The correction or t e growt o Sr rom 

during the bombardment is very similar to the growth of the 

ground state of an isomerie nuclide when the metastable state 

decays completely to the ground state. The correction is 

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

(A-2) 

1 -

where tb is the duration of bombardment~ 

85g Sr: The corrections for this isomer can be divided into 

three parts;. 

(i) After the separation time: Let D~c' nz 1 
and n4 denote 

the disintegration rates for 858sr for times at the end of 

bombardment, separation from yttrium fractiOD and at any tim~ .. 

As the metastable state is short-lived compared to the gro~nd 

state, the case becomes very similar to that described in 

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

A plot of log n4 versus time will be a straight line and if n; 
represents the disintegration rate extrapolated at separation 

time, we will obtain 

. (A- 3) 
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(ii) B~tween the End of Bombardment and Separation Time: 

In this interval 858sr grows from 858y and via the chain 

85my ______ 8_5~~~sr 86% 85gsr 

The correction for the latter could be obtained from the 

. 85m 85m knowledge of d~sintegration rates of Y and Sr for the times 

at the end of bombardment, i~e. D~ and D~c respectively. The 

rate equation for 858sr (only due to this decay chain and 

a·s suming D 
4 

to be zero at the end of bombardment) is gi ven by 

where N2 is obtained from the familiar equation 

Àl -À t -À2t -À t 
N N°1(e 1 - e ) + N° è 

2 
2 = À2 - Àl 2c 

Substituting (A-5) in (A-4), in~egrating and applying the 

boundary condition N
4 

= 0 at t = 0, we get 

[ 
.
- À4 t 1 -1-..1 t 1 

o e - e D 
l Àl - À4 

+ 0.86 D~c 

Subtracting D
4 

from nz 1
, one obtains 

(A-4) 

(A-5) 

(A-6) 

(A-7) 
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The disintegration Dz is now to be corrected for 

. growth from 858Y, which is very simi1ar to the conditions 

represented by equation (A-1). Thereforè 

Ds '}..4 Do (e 
-'}..3t1 -'}..4t1 

Do 
-'}..4t1 

= - e ) + e 4 '}..4 - '}..3 3 4c 

or 

Do Ds '}..4t1 '}..4 Do (1 
('}..4-'}..j)tl 

= e - e . ) 4c 4 '}..3 - '}..4 3 (A-8) 

where D~ is the disintegration rate for the independent formation 

f 858y and · d , o '}.. 3 representa ~ts ecay constant. 

(iii) D~ring the Bombardment: The rate equation for the 

formation of 858 sr during the bombardment is given by 

(A-9) 

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

flux of protons and is given by 

(A -10) 

The rate of formation of 85msr is given by 

(A-11) 

which yields on integration (as shown in Section III-3.1) 
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N2 = 
R1 + R2 -")..2t R1 -")..1t -")..2t 

( 1 - e ) + ( ) ~ ").. _ ").. e - e 
~2 1 2 

Substituting for N3 from an equation simi1ar to (A-10} and 

substituting for N2 from (A-12) in equation (A-9), one obtains 

Integrating (A-13) and app1ying the boundary condition of 

N
4 

= 0 at t = 0, one gets for t = tb 

D~ =D~c-0.86 
À.4 

À.2 - ")..4 

- 0.86 R1 

where R1 , R2 and R3 are now obtained from equations 1ike 

( 1 

(A-12). 

(A-13) 

(A-14) 

_(A-15) 

A11 the ca1cu1ations 1eading to equations (A-2) and (A-14) which 
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give the d~sintegration rates for the independant formation of 

85m 85g Sr and Sr 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 

- (A -16) 

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

( i) V (r) denotes the Coulomb potential which combines with c 

the nuclear potential when a charged particle is incident on a 

target nucleus. It has been found( 140 ) that it is not necessary 

to take the diffuse edge of the nucleus into account, for all~ 

practical purposes, in deriving the potential. The Coulomb 

potential is therefore taken as that produced by a uniform 

charge distribution of radius Re and is given by 

(3 - --- for r-Ç Re 

and (A-17) 

---------- for r >Re 
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where ZI and ZT are the charges for the incident particle and 

target nucleus respectively. 

(ii) The form factor, f(r), describes the radial variation 

of the real potential V f(r). 
~ 0 The former is usua11y taken as 

that of the Saxon-Wood type and is given by 

f(r, r , a ) os s = 1 

1 + exp[(r - r A1/ 3 )/a ] os . s 

where r and a are the radius and the diffuseness of the os s 

nuclear surface parameters. The poten~ia1 V is sometimes 
0 

denoted as V . s 

(iii) The imaginary potential, W g(r), is usua11y divided 
0 

into two parts [W
8
f(r) and Wdg(r)]. The first part, denoted 

by W f(r) corresponds to the volume s 

form factor [f(r, r ., a.)] as that 
0 l. l. 

component and has the same 

given by (A-18). The 

second part Wdg(r) refers to the surface component (peaking on 

the surface) and has a form factor which is common1y taken 

either as that for a Gaussian, given by 

where RG and b are the Gaussian radius and width respective1y; 

or as a norma1ized derivative of f(r, r ., a.) as given by 
Ol. l. 

the factor 4a. being the norma1ization constant so that the 
l. 

surface form factor can have unity as its maximum value. 

(A-18) 

(A-19) 

(A -20) 
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(iv) T~e last term in (A-16) representa the correction to 

the central potential due to spin-orbit interaction and is taken ... 
to be proportional tto t·â, where t and â are the angular 

momentum and Pauli spin 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) 
b = - -r 

d 
dr 

(f, a ) s (A-21) 

where the constant 1 b 1 is usua11y related to the squares of the 

Compton wave-length for the pion or the proton, with the 

resulting pqtentials (real and imaginary components, V and W 
so so 

resp~ctively) affected accordingly. The negative sign is 

introduced 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 zero spin, the intrinsic spin 1 s 1 could 

couple with orbital angular momentum •t• in (2s + 1) ways, 

leading to (2s + 1) values for the nuclear potential. The 

argument leads to two values for the nuclear potential for 

neutrons or protons (s = l), th~ee values for deut~rons ·(s = 1) 

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

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

compaicated. 
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The time-independent Schrodinger wave equation could 

now be written as 

2 
\l'l' + V(r) = E 'f' 

where V(r) is given by (A-16) and ~ and E are the reduced mass 

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

The wave function, ~ , is next expanded as a sum over radial, 

(A-22) 

a~gular 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 t·a corresponding to the two-spin 

orientations ~ith j = t + t and j = t - t are found to be f and 

- ÎCt + 1) reEpective1y (as discussed above). The substitution 

of expansion of ~ in the Schrodinger equation, therefore, leads 

to its separation into two differentiai equation• for each t as 

v 
c --E 

V
8
f(x) + i[W

8
f(x) + Wdg(x)] 

E 

Vsf(x) + i[W
8
f(x) + Wdg(x)] 

E +[ 1- :c -
+ t 2+E 1 < v • o + i w • o > h <x> - tr: / 1 > ] u i <xl - o 

hl 1/2 

h2 
where the substitution x = kr and k = is also made. 

(A-23) 
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The symbols u! and u~ are the radial wave functions for the ~th 

partial wave and angular momentum values of j = ~ + ! and 

j = ~ - ! respectively. 

Outside the nuclear boundary, the nuclear and spin 

o~bit potentials are zero and the equations (A-23) reduce to 

(A-24) 

where y = 

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 
1 1 . 

j = ~ + 2 and - to j = t - 2) representa the relative amplitude 

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

boundary, the reaction cross section is given( 140 ) by 

a. = 1t "-2 
r 

«:: 
~ (~ + 1) ( 1 -
~0 

(A-2,5) 

1 
where ~ = 'k· The quantities (1 - 1-,! 12 ) and (1 - I1.,-ÏI2

) which 

·c o th give the fraction of particles of ~ partial wave and angular 

D 1 0 1 . 
momentum values of j = ~ + 2 and j = ~ - 2 respectively) removed 

from the entrance channel are termed Transmission Coefficients. 

A computed tr~nsmission coefficient ther•fore refers to a 

particular 1 ~ 1 and 1 j 1 value. 
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+ 

+ 
~and 1ogarithmic derivative 

( f.f) 

The r~1ations between 
+ 

of the wave function (ut) at the nuc1ear boundary are given 

by many th (140,141,145) au ors. They are reproduced below. 

+ 
+ ft ~1:. + ist Gt - iFt - exp(2icrt) t + Gt + iFt 

. 
ft - ~t - ist 

x - x 

(A-26) 

(A-27) 

(A- 28) 

be cause (A-29) 

Equation (A-29) is a Wronskian relationship and was 

used as a 1 check 1 in the ca1culations of regular and irregular 

solutions Ft and G1:, respectively of equation (A-24). X corres

ponds to the radius at which the nuclear field is assumed to be 

negligible and crt is the Coulomb phase shift, which is obviously 

zero for neutrons and bas a neg1igib1e 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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Ft :S sin [x 
t']( r ln(2x) + O't] - T -

(A-30) 

Gt ~ cos tx·-
t']( - r ln(2x) + O't] 2 

for charged particles; and 

Ft::::; sin (x - ~1{) 

and Gt ~ cos (x - ~1{) 
(A-31} 

for neutrons. The solution Ft and Gt, for neutrons, can be 

written in terms of spherical Bessel and Neuman functions: 

(A-32) 

and Gt(x) = - x nt (x) 

The solutions Ft and Gt, for charged particles, also called 

Coulomb wave functions cannot be written in terms of elementary 

functions because they depend both on x and r parameters. 

Different methods( 142 , 144 ) are available depending on the values 

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

To calculate the logarithmic derivative (ft), the 

Schrodinger wave equation (A-23) is integrated twice for each 

value of t. 
( Jlfl} 

ABACUS-1. 

The procedure is exactly the same as that used in 

Further details are available in the attached 

pro gram. 
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App.-3. SQUARE-WELL MODEL TRANSMIS!!Q! 
COEFFICIENTS 

The calculations of transmission coefficients by this 

model were made using the assumptions outlined by Blatt and 

Weisskopf. They are as fo11ows: 

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

bas a radius equal to r A113 . The effective radius, R, is 
0 

given by 

R = r A 113 + f' 
0 

where f is the radius of the incident particle. For neutrons 

(A-33) 

and protons, p is assumed to be zero and for deuterons and alpha 

particles it is taken to be equal to 1.2 F. For r < R, there 

is a strong interaction and the projectile shares its energy 

rapid1y with the nucleons of the target nucleus~ 

(ii) The effective potential Ut(r) is given by 

= v ( r) + fi 
2 

{.,( t + 1 ) --- for r > R 
c 21J. 2 r 

(A-34) 

and 
t\ 2 2 =-- K 21J. ·o ------ for r< R 

where K
0 

is obtained from the energy corresponding to the top of 

the Fermi distribution. For nucleons it is given< 145 ) by 

/ 

9 2/3 
= ( 81() (A-35) 

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



• 
- 190 -

would acquire inside the nucleus, if it entered without 

appre~iable kinetic energy. [Other terms in (A-34) and (A-35) 

have the same meanings as in the previous section.] For 

r
0 

= 1.5 F, one obtains 

K ~ o- 1 x lo- 13 -1 
cm 

(iii) It is assumed that, once inside t~e nucleus, the 

(A-36) 

incident particle has very sma11 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. 

where K is the wave number of the particle inside the .nucleus and 

is given by 

2 2 1/2 
K = (K + k. ) 

0 
(A-38) 

~he 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 

f.f., = - i KR (A-39) 

The substitution of equation (A-39) in (A-26) and 

simplification resulta in the equation of the reaction cross 

section as 

(2-t + 1) 
. 4s..e,KR 

(A-40) 
~l + (KR + 
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where the transmission coefficient is represented by 

(A-41) 

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 potential) 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 wer~ 

obtained from Perey( 122 ) and Bodgson et a1.< 123 ) The real 

potential V was calculated( 122 ) from the equation 
s 

= 53.3 - 0.55 E + 0.4 Z + 27 (N - Zl 
Vs Al/3 A 

88 which for proton - Sr system reduces to 

V = 60.4 - 0.55 E s 

Equation (A-43) was s1ightly changed to take into 

account the results of Bodgson et al.( 123) for the calculation 

(A-42) 

(A-43) 

of proton transmission coefficients at 30 and 33 MeV (Table 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( 122 , 123 ) FOR THE PROTON 
TRANSMISSION COEFFICIENTS 

Proton v VREI wd 
Energy s 

(MeV) (MeV) (MeV) 

15 60.4 -0.55 13.5 

18.5 60.4 -0.55 13 .·5 

21.5 60.4 -0.55 13.5 

24 60.4 -0.55 13.5 

26.5 60.4 -o. 55 13.5 

30 62.0 -0.55 13.5 

33 62.0 -0.55 13.5 

diffuseness of the nuclear surface parameters were 

r = r . = r = 1.25 F os. 01 0 

a = 0.65 F os 
and a . = 0.47 F. 

01 

v os 

(MeV) 

7.0 

8.5 

8.5 

8.5 

8.5 

6.0 

6.0 

Parameter~? 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 neutrons, the parameters were taken from Campbell 

et al. (125) They used the potential 
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v = - (A ·44) 
r - R 

1 + exp[2( d )J 

The factor S = 0.06, when multiplied with V , gives the strength 
0 

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 s R d/2 

(MeV) (MeV) (F) (F) 

52 3.12 (1.15 Al/3 + 0.4) 0.52 
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Rl~0(5,5)~MP,l~AX,lNPf,S,~S,LZP,ENERGY,PM,TM 

, F u.~h 1\ ri 2 u, u , f't. o, F 3. o, F s. o, ;.F 1 o. o l 
::.: U\D ( 5 , 3 i !n , lü , R 2 , 1:. 2 , k. C , R C U , ~·'i N 

3 FO~NATt6FlO.ü,i3) 

l\ c: AD ( ~,tt) VP. E , V 1 S , V lV, VS R 
4 FORMA1(4Flü.OI 

~~AOl~r71V~E1,VRE2,VISl,Vl$2,VIVl,VIV2 

7 FOqMA1(6flO.Ol 
lrHU 1 E ( o , 2 5 ) 

25 fO~MAT(lHl,20X,65HOPTICAL MODEL TRANSMISSION COEFFlCIENTS, D. 
l.S~CHuEV ?PKOGRAM//) 
~~RITE{b,U 

l~(PM)9GOl,lOl,l04 

101 lf(lZPI9002,lü2,103 
l ü 2 p ;'•1 = 1 • 0 0 i: 6 0? 4 

GL! TU 1C4 
103 PM=l.Oü7276b08 
104 H<.F.D=Ti•i/ { fh+Pî-D 

If(ES)l06tl05,106 
lOS ELAb=ENERGY 

t Ci•1 = l L ..'.fi >:<H.:.E D 
GO TO 107 

L 06 ê Ci·l= t: i\lfk GY 
ELAfJ= ECivl/lREO 

107 ~tJM=l.66034*PM*TREO 
i~ ,..;,-\ = $ ;,JR T ( 1. 2042 >:"RE 01\i"'-..: EC M) 
i"l :\lK= f'il\lK/ 10. 5/t 5 
PLSQ=3l.415926~36/(~NK~WNK) 

IFCZLPI10J,l09,10R 
lOti ETA=SW~TI(PM*l.660434}/(3.2042*ELAB) 1 

E T :~ = ( ü • 4 8 0 2 9 b * C • 4 H 0 2 9 b "' ll P >:( E TA ) 1 l • 0 54 5. 
Gu lü 114 

iv 9 t: r," = o • o 
114 lf(MNlllO,lll,llO 
llJ Al3=TM**0.33333333 

116 

117 
lll 
112 

113 

:'\ 2 = f<. i >:«\l 3 
lf(lZP)ll6,ll7rll6 
;~ c=:< c.;;, rü 3 
G•.! TU lll 

lr (t\CU) 113,112,115 
Kt·. LJ= M·,l..\ xl { F. l +,.*Al 'R 2 +5 • ,.~ .'\ 2 ) 
Gu lU ll5 
RCu=R 1-r<CU.::<Al 
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l l 5 x= ,.; ~~ :<. '~ ,, c [j 
',\ ;;,. 1 Tc ( 6 , 1 2 ) P •·i , 1 l'i , fLA 3 , tC !"1 

l 2 h 1 i-;1·; ;\ T ( lt-lv , iX , l C: !-;l-''{ C J i"' /1 S S= E l ~). 8 , 2 X , 3 HAI'l U , 3 X , 12 H TA P,G ET f~ AS S = E: 15 • b , 
12 X d H iJ.."iU , ) X, 5llf U\ H = f 15. 8, 2X , 31M EV, :3 X , 4 H tC:1 = f l 5. 1::!, 2 X, 3 H~t; EV 1) 

W~lT[(6,lllVRL,V~~l,Vk~2,VIS,VISl,VIS2 

ll H! .~:vi AT ( l fi:), S X, 4 HV f<. t:= F "7. 3 , 4X , 5 HV REl =F 7. 3, 4 X, 5HVP. f 2 = F 7. 3, 4 X, 4H VIS= Fi 
1 • 3 , t.t X , 5 H V i. S l = F 7 • .3 , 4 X , 5 H VI S 2 = F 7. 3 1 ) 
~RlTE(6,l3JVIV,VIVl,VIV2,VSk 

lJ fC~~AT(lH0,~X,~HVlV=f7.3,4X,5HVIVl=F7.3,4X,5HVIV2=f7.3,4X,4HVSR=fi 

1.3/l 
~KIT~C6,l4)gl,A1,RC 

l 4 Hl R 1J; AT ( l:-1 ;) , l7 H K E id_ A F.: L l F A f) l U 5 = !: 1 5 • 8 , 2 X , 6 H FE R M 1 S , 3 X , 2 2 H D I F FU S f '\J ê S ~ 
l 1 i E t1 L- ',-i L L L = E l 5 • 8 , 2 X , 6 Hf E fd'il S , 3 X , l 4 H C H A R G E R A lJ I US = E 1 5 • 8 , 2 X , 61i F E R :-11 ~ 
2/) 

WRITE(6,15)R2,A2,RCC 
15 FGR~Al{lh0,lSHIMAG. WELL RADIUS=Elj.8,2X,6HFERMlS,3X,2JHDIFFUSENE~ 

lS I~AG. ~ELL=E15.B,2X,~HF~~M1S,jX,l2HWELL CUTOFf=E15.8,2X,6HFE~MI5 

21) 

2b Fl.f<',l\~i\T{li-1'),22Hl\Ui';E\EJ~ OF t•1ESH t>û!I\JTS=I3,5X,l4HSPI1\l CF PROJ.=F5.1,5:.< 
l, 1 :jfiCHAr\üt: PkUDUCT=F6.1 7 4X,~HPLSQ=E 15.8/) 
~RlTE(6 7 l6JX,fTA,~NK 

16 FJ~~Al(lHG,lOA,4HRHO=El5.8,15X,4HtTA=~l5.A,l5X,l4HWAV~ NUMBER ~=El 

lS.b,2X,9Hl~-FEkMlS/I 

TCS=U.O 
VRE=VR~+VKfl*ECM+V~E2*ECM 

.V1S=VIS+V1Sl*ECM+VIS2*ECM 
ViV~VIV+VlV1*EC~+VIV2*tCM 
Wkl1E(6,17}VRE,VSR 

17 FURM~T[iH0,2lHREAL PGTENTlAL OEPTH=El5.8,2X,3HMEV,3X,32HREAL SPIN
HlRGl T PClTEf\TlAL OEPTH=El5.8,2X,?Ht"EV!) 
~RITt(6~18lVIS,VJV 

16 'fG~~AT(lrlJ 7 30hSURfACE l~AG. PGT~NTIAL DEPTH=El5.8,2X,3HMEV,lOX,29~ 

lVf:<Ll.H:[ P"lAC. PCTEI\TlAL DEPTH=U5.e,2X,31-1ME:V/J 
:..,:RrTt:(o,2ll 

21 FJ~~AT(lHG,~X,lHL,5X,lHJ 1 8X,3rlTLM,6X,l6hPAKTIAL CS MBARN,4X,1HJ,8X 
1,3HTL!-J,4X,l6HPARTIAL CS i'v16ARN,4X,9HCSL MBI\RN,5X,l4HTOTAL CS M51\kN, 
2 3 X , c:.1 h t·: k. l) r~ S K 1 AN) 

1 r: ( i·~ î· ~)-5o l 1 4 1 , 141 , 14 2 

F 1\ ~·. f) = i'i \1 P 
G û TC l41t 

142 fj,,<,P=:'ifl,p 
144 i\!f·iPl=N.'viP+1 

F N 1•: P 1 = f\J ~·i P l 
i'~ ;.;p;;, 1 = i\if'l P-l 
F i'.Jî•'i p i-î .J.. =i\! ''1 p :Vil 
DtLTA~=RCG/FNMPMl 
D E L T 1\ X= :, ; Î'J K ;!• 1) L: L T Id~ 

C kCAL SAXON P~TENTIAL 
1{ =0. () 
o u 1 ? o I = 1 , ~..; r·l P 
l: X 1 = ( î·:- R. U 1 A l 
l~(~Xl-5û.0)147,14h,l46 



c 

1'76 

i 4., 
l-i-b 

1·+9 
ljü 

126 
1.27 

l2i3 

v :.; ( I J = .:1 • 1) 
(,-! TL iSO 
If lE"Xl+~O.Oll'-tH,l4B,l49 
Vi-'( I )=-VRF 
Cl TC l:JO 
V:, ( l ) =-V r.. f:. 1 ( l • C + t X P < E Y l ; J 
K.;:;;;-;+ ut: L Tt\ R 
SPfN UKGlT POl~NllAL 
IF ( S) LUI, 126, 12tl 
Dl! 12.7 1=2,t''<F:P 
VS{l)=O.O 
GCi lC l2q 
H =U. C 
b=-2./U 
L,[, l:.Ji I=!,NrlP 
K=K+C[l T.r\K 
HS=-Vk { 1 i/Vt'<-E 

l 5 1 V S ( l Î = ( C:: >:q c .S- S S ~a!< 2 ) ) /1-~ 
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C IMAGI~ARY PGTE~TIAL 

c 

12~ 1FlVlV)l33,13~,133. 

D ;_, l 3 [. 1 .::: .l , !\HP 
f.l.!=(~-r..l..l/!~2 

IF{FX2-~0.üll7?,17l,l7l 

i7l VI(l)=li.û 
GU l'J 136 

172. lF!EX2+50.0ll7Lrtl7"",175 
1 .7 -'t v 1 ( 1 ) =-v l v 

Gi.. 1 Ll 13 6 
l 7 :J V l { 1 ) =-V IV 1 ( 1 • 0 + t: X tJ ( EX 2 ) l 
136 ;,..z::::F:+liELTilk 
135 If-( lf·.Pf l 137,159,l3tl 
137 R=O.O 

1.34 

130 

ij2 

1:::>3 
l:.>tl 
i :> 7 

l~o 
l 'h 

l s') 
16 t) 

161 

3=-V I S 
1} u l3't l = 1. ' hfi p 
t X3 = f: X P (- ( ( ( R- R? ) 1 A 2 } ~' ~' 2 ) ) 
Vi S S ( 1 J = [' . .\'EX'.:> 
l..: =iHI.JEL Tt.li< 
GU Ti=i 15o 
i< =l!. 0 
}::) =-v r s•:''t .. o 
DJ 1 :sJ I =l ,i\i-lP 
(:..i.Lf.=l.:XP( lF-F~~)/f\2) 
ViSSil)=(~~EX4}/{1.0+EX4l**2 

Ir c v lv l l ~ 7, 1 56, 1 ~ 7 
V 1 ( l) =VI ( I} +V lSS (Il 
Gu TU 1 ~,9 
D ;; 1 7 {) l = l , 1 H•l P 
'/ 1 ( l J = V 1 S S { I } 
CllUL c;,ifJ 1->ù"l f.I'IT li.\L 
1 r ( L l P) 160, l H 0, 16 0 
lfiK~-KCQllol,lbl,9U09 
R '!:l) • C) 

~=l.439~~8087*ZZP 
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SOURCE STATEMENT 

!51=(1.5*1:3)/RC 
B2=(0.5*B)/RC**3 
KQ=IFIX{(RC*FNMPM1)/RCO+l.5) 
DO 162 l=l,KQ 
VC(l)=Bl-B2*R**2 

162 R=R+OELTAR 
IFîRC-RC0)163,180,9009 

163 KQ=KQ+l 
DO 165 I=KQ,NMP 

VCC I )=6/R 
165 R=R+DELTAR 

DO 170 I =1, NMP 
170 VR(Ii=VR(ll+VC(I) 
180 CLMAX=l.5*X+5.0 

LL=IFIX{CLMAX) 
LL=MAXO{LL,LMAXl 
lf(ZZPl299,300,299 

300 fN(l)=-COSfX)/X 
FNl2)={fN{ll-SIN(X))/X 
lf(LL-2}720,720,702 

702 FJO=SIN{X)JX 
LX=MAXO(LL+30,65) 
fJ(lX+2)=l.OE-10 
FJ(LX+l)=l.OE-lO*l2.0*FLOAT(LX+l)+l.O)/X 
Ll=LX+l 
DO 705 I=l,LX 
I l=Ll- I 
FIl= I 1 
FJ(ll}=FJ{ll+l)*(2.0*Fil+l.O)/X-fJ(Il+2) 
IFCFJ(Il)-l.OE+Z5)705,705,707 

705 CDNTINUE 
GO TO 710 

707 DO 709 l2=Il,LX 
709 FJ(l2}=l.OE-10*FJ(l2) 

GO TO 705 
710 RENORM=fJO/fJ(l) 

DO 712 1=1,2 
712 FJIIl=FJ(I)*RENDRM 

Ll=LL+l 
DO 715 I=3,Ll 
FJfil=FJ(IJ*RENORM 
Rl=l 

715 FN{l)=(2.0*Rl-3.0)*FN(I-1)/X-FN(I-2). 
GO TO 301 

720 fJ(l)=SIN1X)/X 
fJ{2)=lFJ(l)-COS{X))/X 
GO TO 301 

299 ETASQ=ETA*ETA 
ETA2=ETA*2.0 
IF{ETA-4.0)1101,1140,1140 

1101 CALL ASYMPIETA,XJ 
GO TO 1500 

1140 IF(ETA-10.}1145,1150,1150 
1145 IF4X-10.)ll90,1150,ll50 
1150 IFCETA*ETA+4.0*ETA+3.0-(12.0*XJ/5.0)110l,ll60,1160 
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ll6d .i~(tlf,-( b.L>:,X)/:10.0+3.5)1.170,ll70,llflû 

t:·u T l ~·Ou 
liH~ lf(~fA-iJ.U*Xl/5.0-J.O)ll90,1200,1200 
l~:;u L.f\LL T:UU\S{tfù.,X) 

l~CJO C;\LL l<IC/\12 ( t:T/i,,X î 
l '.ï ù 0 ~ { 2 ) = ( ( 1. • iJ 1 X+ i: T ;:.j ,,G ( 1 ) - (~0) 1 S Q ,"\f ( 1 • ü +ET AS loi ) 

LL=tl+l 
i~(LL-2157~,575,571 

571 00 ~7l I=3,Ll 
FL=l-2 

57i Gll}=({2.0~FL+l.ù)*lfT/\+FL*(FL+l.OJ/X)*G(I-1J-(FL+l.OJ*SQRT(FL**2 

1 L T J\ S l.' ) >!<(1 ( l - 2 ) ) 1 F LI S CF T ( ( .F L + 1 • 0 l "'"' .. ;, 2 + ET AS 0 l 
57~ LX=~AXJILL+30,65) 

F{LX+i)=O. 
F ( LX+ l) = l • Cd:::-1 0 
DC ~)7d l=i,L/, 
ll=LX-1 
FL=Il+l 
F t 1 1 + l l = ( ( 2 • 0 ':'f L + 1. 0) ~.<( J:: T 1\+ F L >!< ( f l + 1 • C ) 1 X } ':' F ( L l + 2 } -F l * SQ R T ( t F L + 1 .. 8 
l**2+tTAS~l*f( ll+3))/(FL+l.OJ/S~RTCFL**2+ETASQ) 
1f(t-!'Il+ll-l.él4) 57d,576,576 

576 DfJ ')7/ IL=ll,LX 
57 7 f ( U + 1) = l. C' L:- 2 2 .;, F ( 12 + 1 ) 
5 7 8 C: C \ T UW E 

R~NUhM=SwRT(l.O+ETASOI*{f(li~GC2J-F(2)*G(l)J 
f)U ~cO ll=l,LX 

SôO F( Ill=F( !.i.l/R.E!';URM 
fO=(l.O+f(l)*GDJ/GJl) 

SIGO=-~T~+cTA/2.*~LCGIETAXI+3.5*~TANCET~/4.)-(ATAN(ETAl+hTANIET~/ 

L.~)+AlANI~TA/3.0) )-LTA/l2.0/ETAX*(l.O+iETAS~-48.0J/30.C/ETAX**2+( 

2TA**4-l60.*lTASQ+l2b0.}/lO~.O/ElAX**4) 
.:.\ L PH A 1 = t\ Th i'.i ( i::: T 1\ j 

SIGL=SIGJ-ALPHAl 

F-L=L 
IFIZZP)3n2,30S,302 

~02. FXL=HL-~'l.) 

l11<L=G ( L+ l) 
SlS=Fl+l.O 
ALPHA=ATANIETA/SLSJ 
S J GL =S lGL+/.;LPHt~ 
SIGêL=2.LH'SlGL 
CSIG2l=fGSISIG2Ll 
SS1G2L=Sl~ISiG2LI 
1 F ( L ) 3 () 4 , 3 0 3 , 3 t14 

J(,j Ft1L=H) 
GUL=GD 
G:.; lli 310 

3 L <T D C l = ( ~ ;; ;;, r 1 l· T J\ >>. C.:T 1\ + F L'!' F L ) l 1 f L 
ù l. 2 = i.: T 1\ Il-L + F L 1 X 
Ful=DLl~~(LJ-OC2*FIL+l) 

0 :J L = G L 1 ~- G ( L ) - (; C 2 >;<t) ( L + l ) 
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/ 
305 

c 

306 

307 

310 

181 

182 

185 

186 

187 

188 
191 

5015 

SOURCE STATEMENT 

GO TO 310 
F XL=X*FJ ( L+ 1) 
GXL=-X*FN(L+1) 
IF(l)307,306,307 
FOL=GXL 
GOL=-FXL 

2Q7 -

GO TO 310 
FDL=X*FJ(L)-FL*FJ(l+1) 
GDL=-X*FN(L)+FL*FN(l+l) 
RON=FDL*GXL-FXL*GDL 
Sl=X/(FXL*FXL+GXL*GXL) 
DELTAL=Sl*(GXL*GDL+FXL*FOL) 
CGFXll=CMPLX(GXL,-FXL) 
CGFXL2=CMPLX(GXL,FXL) 
CDLSLl=CMPLX(OELTAL,-SL) 
CDLSL2=CMPLXCDELTAL,Sl) 
INTEGERATION OF SCHROOINGER WAVE EQUATION 
USMCl)•CMPLXfO.O,O.O) 
USP(l)=CMPLX(O.O,O.O) 
USM(2)=CMPLX(1.0E-8,l.OE-8) 
USP{2)=CMPLX(1.0E-8,l.OE-8) 
DO=OEL TAX**2 
01=00/ECM 
02=2.0-00 
Fll=Fl+l.O 
03=fl*fl1*00 
lf(S)182,181,182 
SO=O.O 
GO TO 185 
SO=FL*VSR*Dl 
SOM=-Fl1*VSR*Dl 
DO 187 I=1,NMPM1 
X=FLOAT(l)*OELTAX 
OR=D2+03/X**2+0l*VR(I+l) 
Ol=Dl*VI ( 1+1) 
DRl=OR+SO*VSCI+l) 
ZSP=CMPLXfDRltDI) 
IF{S)l86,187rl86 
DR2=0R+SOM*VS(l+l) 
ZSM=CMPLX(OR2r01) 
USM(l+2)=USM{I+1l*ZSM-USM(I) 
USP(l+2)=USP(I+l)*ZSP-USP(I) 
lf(S) 188.189,188 
IF (L)l91,189r191 
OENM1=(2.0*USM(NMP))/FNMPM1 
FLSM=lUSM(NMPl)-USM(NMPMl))/OENMl. 
ETALSM=((flSM-COLSLl)*CGFXll)/((FLSM-CDLSL2)*CGFXL2) 
ETAREM=REAL(~TALSM) 
ETAIMM=AIMAG(ETALSM) 
IFCZZP)5015r5017r5015 
ETAREl=ETAREM*CSIG2l-ETAIMM*SSIG2L 
ETAIM1=ETAREM*SSIG2L+ETAIMM*CSIG2L 
ETAREM=ETAREl 
ETAIMM•ETAIHl 

5017 TLH=l.O-IEiAREM**2+ETA1MH**2) 

.,- ' 

' . ' ~ 
' ~' '. 

-... -



SOURCE STATEMENT 

CSl=PLSQ*Fl*TLM. 
SJl=FL-0.5 
Go ra 192 

189 TLM=O.O 
CSl=O.O 
SJl=O.O 

) - 208 -

192 OENM2=C2.0*USPCNMP)t/FNMPM1 
FLSP=tUSPtNMPl)-USPlNMPMl))/OENM2 
ETALSP=lCFLSP-COLSlli*CGFXLl)/((flSP-COLSL2)*CGFXL2) 
ETARE=REALtETALSP) 
ETAIM=AIMAGCETALSP) 
IFCZZPJ5019,5021,5019 

5019 ETARE2=ETARE*CSIG2L-ETAIM*SSIG2l. 
ETA IM2=E TARE*SSIG2l+ETAIM*CSI G2l 
ETARE=ETA~E2 
ETAIM=ETAIM2 

5021 TLP=l.O-(ETARE**2+ETAIM**2) 
SJ2=FL+0.5 
IF(S)l93rl94tl93 

193 CS2=PLSQ*Fll*TLP 
CS=CSl+CS2 
GO TO 195 

194 CS2=0.0 
CS=PlSQ*(2.0*FL+l.Ol*TlP 

1 95 TC S= TC s+cs 
400 WRITEC6,8113)L,SJl,TLM,CSl,SJ2,TLP,CS2,CS,TCS,RON 
8113 FORMAT(lHOtlX,I2r2X,F5.1t2X,Fll.8r2X,El5.8,2X,F5.1,2X,Fll.8t2X,El 

: t.a,zx,ets.a,2x,ets.a,zx,Ftl.8) 
GO TO 401 

9001 WRITE(6,31) 
31' FORMAT( 12X,25HERROR MESSAGE PM NEGATIVE 1 

GO TO 9999 
9002 WRITE{6,32) 
32 FORMAT(l2X,37HERROR MESSAGE CHARGE PRODUCT NEGATIVE) 

GO TO 9999 
9009 WRITE(6,33) 
33 FORMATC12X,23HER~OR MESSAGE RC .GT RCO) 
9999 CALL EXIT 

END 

SSAGES FOR ABOV~ ASSEMBLY 

1 . 
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SOUKCE STATl:JI1ENT 

$lSfJC SP1 
SUBROUTlNE ASYMPlETA,X) 
0 H1E.NS 1 UN AA( 31) t BA ( 3 U ,SA( 31), TA ( 3 U, PA( 31), QA( 3 U, SUM S( 3U t SUMT ( 

13l),SUMPl3l),SUMQl3l) 
CüMMON/W/f{lOOl,GClOO),FD,GD 
lf(X-ETA-ü.0)1102,1120,1120 

1102 lflX-tJA)lll5,~llO,lllO 
lllO N=lFIXtX-ETAl 

NTM=l0*(9-N)+l 
K.U=FLOAT(9-N} 
Xl=X+RD 
H•-O.i 
GU TO 11.21 

111~ N=IFlX(ETA-X) 
NTM=lO*!N+9)+l 
RD=fLùATl9+Nl 
Xl=X+KD 
H=-0.1 
GU Tû 1121 

1120 Xl=X 
1121 ETASW=ETA*ETA 

DO 11~5 N=l,2:> 
RA=N-1 
SA(ll=l.O 
TAlll=O.U 
PA{ll=O.O 
Q A ( U = 1. 0-ET A 1 Xl 
SUMSt U=l.O 
SUt·tT ( ll =O. 0 
SUMP ( U =0 .0 
SUMW(lJ=l.O-ETA/Xl 
AA(N)={(2.0*RA+l.OJ*ETA)/{2.0*Xl*(RA+l.0)) 
tiAlN)=tETASw-RA*(RA+l.O))/{l.O*Xl*lKA+l.O)) 
SA(N+l)=AA(N)*SA(N)-6A{N)*TA(N) 
TA(N+l)=AA(N)*TA(N)+ùA(N}*SA{N} 
P~!N+ll=AA(Nl*PA(N)-dA(N)*QAiN)-$A(N+l)/X1 

~A(N+ll=AA\Nl*~A(N)+bA(N)*PA(N)-TAtN+l)/X1 

SUMS(N+l)=SUMSlNl+SAtN+l) 
SUMT(N+ll=SUMTlN)+TA(N+l) 
SUMPCN+l)=SUMP(NJ+PA(N+l) 

1125 SUM~(N+ll=SUMQ{N)+WACN+l) 
~8~ ETAX=EfASQ+l6.0 

SIGO=-ETA+ETA/2.*ALOGtETAX)+3.5*ATAN(ETA/4.J-(ATAN(ETA)+ATAN(t.TA/2 
l.O)+ATANlETA/3.0))-ElA/12.0/ETAX*(l.O+(ETASQ-48.0)/30.0/ETAX**2+(E 
2TA**4-l60.*tTASQ+l280.)/105.0/ETAX**4) 

Z=ALOG(2.0*Xl} 
THETAO=Xl-(ETA*l)+SIGO 
XA=COS\fHETAO) 
YA=::dN(THETAOJ 
FllJ=SUMTl2bl*XA+SUM$(26)*YA 
G(l)=SUMS(26l*XA-SUMT(26)*YA 
fU=SUhQ{~6l*XA+SUMP(2bl*YA 
GD=SUMP(2ol*XA-SUMQ(26)*YA 
KCN=FU*G(l)-F(l)*GD 
lf(X-Xl)ll26,ll35,lll6 

ll2ô ~ALL !NTEG{H,NTM,ETA,X,Xl) 
llJ5 REfURN 

END 
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SOUKCE STATE:ME:NT 

$ltifTC SP2 
SUBKOUTlNt KICATllETA,X) 

~ CLULUMB wAVE fUN~TlON CALCULATIONS 6Y RICATTI METHOD FOR RHO LT 2E 
COMMùN/W/F{lOO),G(lOO},FD,GO 
Xl=X 
T=Xl/(2.0*ETA) 
T2=l-*T 
T 3=T2*T 
T4=T2-*T2 
T5=T4*T 
T6=L1*f3 
T7.::T6*T 
T8=l4*T4 
T9=TS*T 
Tl0=T!>*T5 
TM=tl.-1) 
TM2=H1*TM 
TM3= TM2*H1 
TM4=TM2*TM2 
TM5=1M4-*TM 
T Mo= TMJ*TI'B 
TM7.::1M6*TM 
TM8=TN4*TM4 
TM9=TM8*1M 
TMlO= H1!>*TM5 
P= 5QR T (T*H'I) 
Q.:: SQK T ( T) 

S=ARSIN(Q) 
V=ALCG(T/TM} 
GO.::P+S-3.1415926536/2. 
Gl=V/4. 
G2=-(8.*T2-l2.*T+9.J/(48.*P*TMl 
G3=(b.*T-3.}/(64.*T*TM3) 
G4=(204d.*l6-9~16.*T5+lbl2b.*T4-13440.*T3-12240.*T2+7560.*T-l890.) 

l/(92160.*P*l*TM4) 
G!>=(3.*(1024.*T3-44H.*l2+208.*T-39.))/(8192.*T2*TM6) 
G6=-!2b2144.*Tl0-1966080.*19+b389760.*TS-ll714560.*T7+l3l78880.*T6 

l-9225216.*TS+l3520640.*T4-3!>88480.0T3+2487240.*T2-873160.*T+l30977 
~.)/( l03~1920.*P*T2*TM7l 
G7=(1105920.*l5-!>5296.*T4+314624.*T3-l59552.*T2+45576.*T-5697.)/(3 

1932lo.*T3*H19) 
ùOO=t'/T 
~Ul=l./{4.*T*TM) 

G02=-Cti.OT-3.J/(32.*P*T*TH2) 
GU3=(3.*CH.*T2-4.*l+l.)J/(64.*T2*TM4) 
GU4=-(l536.*T3-704.*T2+336.*T-63.)/(2048.*P*T2*TM5l 
GJ5=(3.*(l560.*T4-H32.*T3+72ti.OT2-2bO.*l+39.))/(4096.*T3*TM7) 
GOb=(-36864ù.*I5-30720.*f4+114944.*T3-57792.*T2+l6632.*T-2079.)/(6 

15 536. *f>* T 3*li'4d) 
GD7=(3.*{66016û.*Tb+l96608.*T5+308480.*T4-177280.*T3+73432.*I2-177 

l24.*T+lti99.}J/(131072.*T4*TM10) 
R=2.*E:TA 
FlXO=Gl+G2/K+b3/.(R**2)+G4/(R**3)+G5/CR**4)+Gb/CR**~}+G7/IR**6) 
SlXO=G1-G2/R+G3/(R**2)-G4/(R**3)+G5/CR**4)-G6/(R**5)+G7/{R**6) 
flu=R*G0+f1XO 
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SOUk~E STATEMENT 

SIO=-R*GO+SIXO 
DF10=R*GDO+GDl+GD2/R+GOJ/(R**2l+G04/(R**3)+G05/(R**5)+GD6/(R**5)+G 

l07/(k**6l 
OSIO=-R*GDO+GD1-GD2/R+G03/(R**2)-G04/(R**3)+GD5/{R**4)-G06/(R**5}+ 

lGD7/(R**6) -
XC=t:XPlFIOl 
F ( U=XC/2.0 
Gtll=EXP(SlO} 
FO= ( f ( U *DF 10) 1 K 
~D=(G(ll*DSIO)/R 
RETURN 
END 
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SOURCE STATEMENT 

$IBFTC SP3 
SU~kUUTlNE RJCAT2(ETA,X) 

C COULuMti FUNCTIGN ~ALèULATlONS FOR L=O,RICATTI METHOD RHO GT 2ETA 
COMMON/W/~tlOQ),G(lOO),FD,GD 

Xl=X 
T=i2.0*ETA)/Xl 
i2=T*T 
T3=T2~T 

T4=T2*T2 
T:>=l4~T 

T6=T3*T3 
T7=T6*T 
T8=T4*T4 
T<;=T8-*T 
TlO=T5*l5 
TM=tl.-T) 
TM2=lM*TM 
TM3=TM2*TM 
TM4=1M2*TM2 
TM5=TM4*TM 
TM6=TM3*TM3 
TM7=H1o*TM 
TM8=TM4*TM4 
Ifv.9=TM8*TM 
TMlO= H15*Hl5 
R=2.*ETA 
K2=R.a.~R 

R3=R2*R 
R4=R2*K2 
R5=k4)j(R 
R6=R3*R3 
R7=K6*R 
R8=R4*R4 
k9=R8*R 
RlO=K5*K5 
ioi=SWRT(l.-T) 
V=ALU~(tl.-Q)/(l.+Q)l 

SlU=-(d.-*T3-3.*T4)/(64.*R2*TM3)+(3.*T5*(1024.-448.*T+208.*T2-39.-*T 
13))/(8192.*R4*TM6l-(T7*(1!05920.-55296.*T+314624.*T2-159552.*T3+45 
257t.*T4-5697.*T5Jl/t393216.*K6*TM9J 
FIO=(R*(Q/T+V/2.) )+3.1415~26536/4.-(9.*T2-l2.*T+8.)/(48.*R*Q*TMl-C 
12048.-~2lo.*T+l6128.-*T2-13440.*T3-12240.*T4+7560.*T5-l89ü.*T6)/(92 
2160.*Rl*W*TM4)-(l30977.-*Tl0-8731SO.*T9+2487240.*T8-3588480.*T7+135 
320640.*T6-9225216.*T5+15178880.*T4-ll714560 .. *T3+6389760.*T2-196608 
40.*T+262144.0)/(l0321920.*R5*C*TM71 

A=Q/T2+C8.*T-3.*T2l/C32.*R2*Q*TM2)-(T3*{1536.-704.*T+336.*T2-63.*T 
13))/(2048.*K4*0*TM5)+(T5*{368640.-30720.*T+ll4944.*T2-57792.*T3+16 
26j2.*T4-2079~*T5))/(65536.*Rb*Q*TMSJ 
B=l./(4.*R*T~i)-(3.*T2*CT2-4.*T+8.)J/(64.*R3*TM4}+(3.*T4*(2560.-832 
l.*T+728.*T~-260.*T3+39.*T4l)/(4096.*R5*TM7J-(3.*T6*ll899.*T6-l7724 
2.*T5+7;:)432.*T4-l77280.*T3+3084~0.*T2+196608.*T+860160.) )/(131072.* 
~K7*TMJ.ù) 

S=EXP(S!O) 
UM=((l./(l.-T)l**0.2~l*S 

SFIO=SlN(FIOl 



$OURCE STATt:.Mt:NT 

CF10=CQ!)(f10l 
F ( U=UM*SflO 
G ( l) :::UM*CF l 0 
GO=-tl2*(A*F(l)+B*G(l))) 
FO=-(T2*(ti*f(l)-A*G(l))) 
KùN=A*UM*UM*T2 
fU:TURN 
END 
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SüURCt STATEMENT 

$lBFTC SP4 
SUBKDUJl~t INTEG{H,NTM,ETA,X,Xl) 

C COULOMB WAVE FUNCTIONS BY INTEGERATION 
OlMENSluN XR(lOOl,YRtlOO).YlR(lOOJ,AR(4),SR(4JrCRC4l,RR(5,3),PR(5, 

l3j,Qk(S,3l,STEPR(5,3) 
CüMMüN/W/FtlOO),G(lOO),FO,GO 
l=l 
XR(l)=Xl 
YR(ll=G{l) 
YlR(l)=bO 
SQRTHF=SQRTtO.Sl 
AtU l) =O.!:> 
AR(2 J =L.O-SQRTHF 
AK(3)=l.O+SI.!KThF 
AR(4}=0.16666666 
8R(ll=2.0 
BR(2l=l.O 
i3R(3)=8R(2) 
BRL4l=BR( U 
CR( 1) =AR( l) 
CK(2)=AR(2) 
CK{3)=AR(3) 
C K ( 4) =CR ( 1) 
QR(l,l)=O.O 
QRil,2)=0.0 
QK(l,3)=0.0 
ETA2=2.D*ETA 

2 J=l 
K=l 
1{ R ( l tl)= XK ( U 
RR(l,2l=YR(l) 

. RR( lt3J=YlR( I J 
K=K+l 

9 PfUK,l):::H 
PR(K,2)~H*RR{K-lr3J 
PK{K,3l=H*RR(K-lr2)*{ lETA2/RR(K-l, U )-1.0} 

7 STEPK(K,J)=ARtK-ll*(PR(K,Jl-lBR(K-l)*QR(K-l,J}}) 
RR(K,Jl=RR{K-l,JJ+STEPR{K,J) 
QR(K,Jl=QR(K-l,J}+3.0*STEPR(K,Jl-CR{K-ll*PR(K,J) 
lr(J.GE.3)G0 TO 10 
J=J+l 
GU ID 1 

10 J=l 
lf(K.GE.Sl GO TO 11 
K=K+l 
Gu TO 9 

ll l :::1 + 1 
XK {1 1 =RRL~, 1) 
Y R ( I ) =RR ( 5 t2) 
YlktlJ=RR(5,3) 
Qk(l,U=QR(!:>,U 
IJR ( 1, 2l =QK. ( 5 t 2) 
~R(l ,3)=.;)R{5,3) 
lf(Hl1jl2,1312,1313 

1312 lf(XR{IJ.LT.XJGO TO 20 



131..:) 
1.314 
20 

SOUkCE STATEMENT 

Gu TO 1314 
If ( XR ( 1 l. G f. Xl GU 
GU TU 2 
Gtll=YRlNTMl 
GU=YUH NHU 
KETURN 
END 
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TO 20 
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SUURLE STATlMENT 

$ldfTC SP5 
SUSkUUTlNE TRANSlETA,X) 

C CUULOMd WAVE FUNCTIONS SUBROUTINE 
COMMU~ /W/f(lOOJ,G(lOOl,FO,GD 
ElASQ=ElA**2 
ETAé=f:TA**0.l66666667 
Al;(Q.04Y5957017+0.00245519918/ETASQ+0.000253468412/ETASQ**2)/ETA 

1**1.33333333 
81=1.0-(0.0U88888889+0.00091089581/ETASQ)/ETASQ 
f(ll=0.70o33264*ETA6*'Bl-All 
G(l)=l.22340402*f:TA6*(Bl+Al) 
A2=10.172826037+0.00358121485/ETASQ+0.000907396643/ETASQ**2)/ETA*' 

10.66666667 . 
82=l.+f0.000317460317+0.000311782468/ETASQ1/ETASQ 
FD=0.408695732/ETA6*(82+A2} 
GD=-0.707B81773/ETA6*lB2-A2) 
X1=2.0*ETA 
O=X-Xl 
lf(0)5~1,580,560 

551 O=ABStDJ 
NTM=lfiX(10.*0+l.OJ 
TI\M=FLUATLNTM-1) 
H=-0/TNM 
Gu TO 5o5 

560 NTM=lflX(lO.*D+l.Ol 
TI\M=FlUATlNTM-1) 
H=D/TNM 

SoS CALL lNTEG(H,NTM,ETA,X,Xl) 
5!:i0 Rf:TUKN 

f:ND 
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SOUKCt ~TAltMENT 

!>lBFTC MAIN 
(... Ti<.ANSMISSU.JN CùEffiCU::NTS USING SQUARE-WELL POTENTIAL 

DIMENSION fJ{lüO),fN(lOO) 
CUMMON/W/f(lOO),G(lOO),fO,GO 

10 READ(5,1) 
1 fORMAT( 7 2H 

1 l-
Kl:AD(5,3JLMAX,ES,ZZP,ENSTEP,ENERGY,EMAX,TM,PM,RP 

3 fUKMAT(l3tf2.0,2F5.0,5flO.O) 
WR1Il:(6,4) 

4 fUKMAT(lHl,ll5HCONTINUUM THEOkY CROSS SECTIONS AND TRANSMISSION CO 
lEfFICitNTS USING BLATT ANO WEISSKOPf ASSUMPTIONS-----D.R.SACHOEV/J 

WIUTE(b,U 
lf(l:NSTl:Pl900lrl50,150 

1~0 lf(TM)9001,9001,151 
151 lf(RPJ9C01,900l,l52 
152 tfitNERGY)9üOl,9ûOl,l~3 

153 IF(EMAX)9001,155,155 
15~ lf(PMJ900l,l0l,l04 
101 WNKOS~=(((9.0*3.1415926536}/8.0)**0.66666667l/(RP*KP) 

RS=KP*(TM**0.3~333333) 
lf(ZZP}90Ul,l02,103 

102 PM=l.Oü866~4 

GO TO llO 
103 PM=l.C07276608 

GU lü llO 
104 WNKOSQ=l.O 

RS=RP*{lTM**0.33333333l+CPM**0.33333333J) 
llO WRlTc(6,5)PM,TM,RP,ENSTEP,ZlP 
5 fURMATl2X,lOHPROJ MASS=El5.8,2X,3HAMU,3X,l2HTARGET MASS=El5.8,2X,3 

1HAMU,3X,3HRO=f5.2,5X,l2HENERGY STEP=f8.5,2X,3HMEV,3X,4HZZP=f6.0/) 
TRtD-= TM/ { H1+PM) 

114 If(E$)106,105,106 
10!> E:LAti=ENERGY 

E.Cfil= ELAjj*TR E:O 
GG TG 107 

106 èCM=I:::NcKGY 
ELAb=t:CM/TRED 

107 REOM=l.o6034*PM*TRcD 
WNK-=SQRT(3.2042*REOM*ECM) 
WNK= ~NK/10. 545 
X=WNK*RS 
WNKSQ=WNK*WNK . 
PLSQ=3l.~l592o536/WNKSQ 

WNKI=SQRT(WNKOSQ+W~KS~) 

KK=WNKl*RS 
IFCZZPllüB,l09,10B 

lOti ETA=~Qkf{(PM*l.b60434J/(3.2042*ELAB)) 
ETA={0.480298*0.48ù298*ZZP*ETAJ/l.0~45 
GU TC 120 

109 ETA=ü.ü 
lLO riRlTE(6,12l)X,ETA,WNK.,ELAB,t:::CM 
121 fORMATl5X,4HKHü=El5.6,2Xt4HtTA=El5.8,2Xtl4HWAVE NUM8ER K=tl5.8t2Xr 

l5HELAb=F7.3,3HMEV,2X,4HECM=F7.3,3HMEV/) 
CLL=AMINl(l.5*X+l.O,X-ETA+6.0,l.34*lX-2.0*ETA+20.ù}) 



SOUkCE SIATEM~NT 

LL=lflX( CLU 
LL=MAXùllL,LMAX,O) 
IFtlZPl299,300,299 

300 FN{l~=-LOS{Xl/X 
FN(2}=(FN11)-SlN(X)l/X 
lf(LL-2)7i0,720,702 

702 FJQ;SIN{X)/X 
LX=MAXù(LL+30,65) 

- ZHS -

f J ( LX+2) =.l. OE-10 
FJ(LX+ll;l.OE-l0*(2.0*FLOAT(LX+l)+l.O)/X 
Ll-=LX+1 
DO 705 I=ltLX 
I1=Ll-I 
fl1=11. 
FJ{l1i=FJ(ll+l}*(2.0*fll+l.O)/X-FJ(Il+2l 
lF(fJ(ll)-l.OE+Z5l705,705,707 

705 . l.ONT l NUE 
GU TO llO 

707 DO 709 l2=ll,LX 
709 fJ(l2)=l.OE-lO*FJ{12) 

Gü ra 705 
710 KtNORM=FJO/fJ(l) 

DO 712 1-=1,2 
712 fJ(Il=FJtil*kENORM 

Ll=LL+l 
Où 715 1=3,Ll 
FJ(ll=fJtlJ*RENORM 
K1 =1 

71!> Ff•dl) ={2.0*RI-3.0)0FN( I-l )/X-fN ( I-2) 
Gü TO 122 

720 FJ(l)=SIN(X)/X 
fJ(2)=iFJtl)-CGS(Xl)/X 
GU TO 122 

299 ETASQ=ETA*ETA 
ETA2=ETA*2.0 
lf(~TA-4.ûll10ltll40,ll40 

1101 CALL ASYMPtETA,XJ 
GU TU 1500 

1140 lf(t:TA-10.}1145,1150,1150 
1145 IF(X-10.lll90,ll~O,ll50 
1150 lf(tfA*ETA+4.0*ETA+3.0-(12.0*X)/5.0)110l,ll60,ll60 
llôû lf(ETA-(13.0*X)/30.o+3.5lll70,llbO,ll80 
1170 CALL KlCAT2tETA,X) 

GO TO 1500 
llbO 1flETA-(3.û~X)/5.û-3.0)ll90,1200,l200 
li90 CALL TKANStETA,X) 

GO TO 1500 
1200 CALL RICATlCETA,X) 
150~ ~l2J=(il.O/X+ETAl*G(l)-G0)/SQRT(l.O+ETASQ) 

LL=LL+l 
lf{LL-2)575,575,571 

571 00 572 I=3,LL 
FL=l-2 

572 u{l)=({2.ù*fl+l.Ol*{ETA+FL*(fl+l.O)/X)*G(1-l)-(fl+l.O)*SQKT(FL**2+ 
lETAS~)*G(l-2)l/Fl/SQRTCLFl+l.0)*•2+ETASQ) 



• 

SOUR~E STATtME~T 

51~ LX=MAXü{LL+30,6~} 
F tLX+2)=0. 
F ( LX+ U = 1. CE-l 0 
DO 51i3 I=l,LX 
ll=LX-I 
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Fl=ll+1 
F(ll+l)=((2.0~fL+l.O)*tETA+Fl*lFL+l.O)/Xl*f(ll+2)-FL*SQRT((fl+l.O) 

l**2+ETASQ)Of(Il+3))/(Fl+l.Ol/SQRTCFL**2+ETASQJ 
IFlFCll+l)-l.El4l 578,576,576 

576 DO 577 12=Il,LX 
577 f(ll+ll=l.OE-22*F(l2+l) 
57d CUI\ITINUE 

KtNûRM=S~RT{l.O+ETASQ)*(f(l)OG(2}-F(2)*Gtl)) 
Dù 580 ll=l,LX 

580 f(ll)=f(ll)/RtNORM 
FD=(l.O+F(lJ~GO)/GllJ 

122. WRITE(b,27l 
27 fURMAT(lHO,~X,lHL,6X,9HWRONSKIANrlOX,2HTL,9X,l6HPARTIAL CS MBARN,6 

1X,l4HTOTAL CS MtiARN/) . 
SUt•tC S=O. 0 
DC 400 L=U,LL 
FL=l 
IF(ZLP)302,305,302 

302 FXL=F (L+l) 
GXL=G(L+U 
1F(L)304,303,304 

303 FOL=FO 
GDL=bD 
GO TC 310 

304 DCl=(SQRT(ETA*ETA+FL*fLll/FL 
DC2=ETA/FL+FL/X 

. FDL=DCl*F'L}-OC2*F(L+ll 
GDL=DCl*G(L)-OC2*Gll+lJ 
GO TO 310 

305 FXL=X*FJ{l+ll 
GXL=-X*FN(L+l) 
IF(L)307,306,307 

306 fOL=GXL 
GOL=-FXL 
GO ro 31C 

301 FCL=X*FJ(L)-FL*FJ(L+l) 
GûL=-X*fN(Ll+FL*f~(l+l) 

310 KuN=FDL*GXl-FXL*GDL 
SL=À/(FXL*fXL+GXl*GXLl 
DtLTAL=SL*(GXL*GDL+fXL*fDL) 
Tl=(4.0*RK*SL)/CDELTAL*OELTAL+(RK+SL)*{RK+SL)) 
CS=PLSQOTL*(2.0*fl+l.}. 
SUMCS=SUMC.S+CS 

400 WRlTE(6,25)L,RUN,TL,CS,SUMCS 
2~ fURMATt1Hù,4X,l3t5X,Fll.8,5Xrfll.8t5X,El5.8,5X,El5.8) 

IFCENSTEPil57,10,157 
157 IF{tMAXl90ül,9UOl,l60 
160 IftEMAX-ENEkGY-ENSTEPll2S,l29,129 
l~d IFttMAX-tNERGYJi31,13l,l30 
129 E~ER~Y=ENEKGY+tNSTEP 



130 

9001 
31 
131 

SOURCE STATEMENT 

GU TO 114 
ENEKGY=EMAX 
GU TO 114 
WRITE(6,3U 
FGRMAT(lH0,46H~RROR 
GO JO 10 . 
t:NO 

MESSAGE---DATA CARO NOT PUNCHEO PROPERLY) 




