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CHAPTER I 


INTRODUCTION 

Four fundamental forces are known to exist in nature, 

namely the gravitational, weak, electromagnetic and the strong 

interaction forces, in order of increasing strength. Of these 

the last three are amenable to study in detail in the field of 

experimental nuclear physics. Theories for the weak and elec

tromagnetic interactions are well advanced and in general 

agree with experimental details. However the strong interac

tion has proven to be most difficult to comprehend on any 

theoretical basis and has thus led to a concentrated effort 

in the pursuit of more knowledge, both in the low and high 

energy branches of nuclear physics. Knowledge of the weak and 

electromagnetic interactions provides one of the necessary 

tools in learning the nature of the strong interaction. The 

other major tool in studying the strong interaction is provided 

by nuclear particle reactions in which a nuclear projectile 

probes the sub-atomic nuclear region of the target nucleus. 

1-1 Beta Decay 

Beta-decay is the experimentally observable process re

sulting from the weak interaction in low energy nuclear physics. 

The process of ~eta-decay consists of a parent nucleus Z~ 

1 
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emitting an electron having a continuous energy distribution 

f rom zero t o some maximum· energy and an anti'-neutr i·no (1 ) wi· th 

the remainder of the available energy, 

- cz~ ~ 	Z+lAN-1 + e + v. 

The anti-neutrino serves the purpose of conserving spin, lepton 

number and the total energy of the process. The ejection of 

the electron-neutrino lepton pair results in a rearrangement 

of the nuclear charge and internal structure of the nucleus. 

Fermi( 2 ) provided the first adequate mathematical des

cription of the beta-decay process. Letting ~i and ~f represent 

the initial and final nuclear wave functions and ¢i and ¢f 

the initial and final lepton states, the probability of the 

beta decay process is given by, · 

where Hw is the weak interaction Hamiltonian and pf (E) is the 

density of final states. The transformation of the expression 

into an energy distribution N(E) with a probability per unit 

time of emission of a particle into energy interval dE is given 

{3)
b y I 

N(E) = l pE(W -E) 2 F(Z,E)S (W ,E) 
2 n3 o 	 n o 

Here, 	p - the beta-particle momentum 

W - the maximum beta energy· available 
0 

F(Z,E) - the electron screening function (Fermi 
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function) allowing for the effect of the 

Coulomb field of the nucleus on the emerging 

electron 

and S {W ,E)n o - the shape factor which depends on the order 

of forbiddenness, n, of the transition. 

The beta-decay process must be treated relativistical

ly involving_... four component spinors. As the Hamiltonian must 

be a scalar, the spinors can be combined in various ways to 

4form a final scalar. Experimentally{ ), the vector {singlet) 

and axial vector (triplet)° combinations have been found to 

occur in nature. The total lepton spin change ~J and parity 

change for transitions between the initial state with spin 

and parity {Ji,ni) to the final ·state {Jf ,Tif) follow the 

selection rules given by 

IJ. - Jtl · ~~J' J . + Jf1 . 1 

The beta-decay transition type is defined by the values of ~J 

and ~TI measured experimentally. Table 1-1 lists the selection 

rules obeyed by most beta-decay transitions. 

Table 1-1 

Selection Rules for Beta Decay{S) 

Interaction Allowed First Forbidden Second Forbidden 
~J ~J ~J1fiTif TiiTif TiiTif 

. : ..... .
Vector + 0 1 + 2 

Axial Vector + 1 0,1,2* + 2,3* 
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The entries marked with an asterisk have a spin change of one 

more than the degree of forbiddenness of the transition and 

are referred to as . "unique" transitions. For allowed transi

tions the shape factor S =l and is independent of the beta
o 


particle energy. For first forbidden transitions the shape 


·--factor s ~l, having a very small energy dependence. But for
1 

first forbidden unique transitions the shape factor is propor

tional to the energy dependent term (q 2 +p 2 ) where q is the 

neutrino momentum. 

A useful experimental quantity which can be calculated 

is the beta-decay rate given by, 

A = N(E)dEf°
0 

s 
= n f (Z, W ) 

021T 3 

where 

0 

and S is the average value of S (W ,E) . n n o 

The comparative half-life for the transition is given by the 

quantity, 


f (Z, W } 

f t = in2 ( A o }


112 

and produces an indication of the type of transition involved. 
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As the value of ft varies by many orders of magnitude it
112 

is usual to calculate the log ft value for the beta-transition. 

6Feenberg( } has tabulated the log ft values for beta decays 

in which the type of transition is known. Allowed transitions 

have a log ft value .distributed about a mean of~ 5 whereas 

the mean value of log ft for first forbidden transitions is 

about 7. First forbidden unique transitions are inhibited by 

two more orders of magnitude, having a mean log ft value of 

about 9. 

As this thesis involves beta decay in the mass region 

A= 87,88 it is appropriate to tabulate the distribution of 

log ft values for the mass region 76 ~ A~ 100. These distri

butions are depicted in Figure 1-1. In this mass region the 

average value of log ft for allowed transitions is about 5.6 

while the average value for first forbidden transitions is 7.9. 

~he average log ft value for first forbidden unique transitions 

is only slightly higher, being 8.5. Thus it is almost impos
. . 

sible to distinguish between the first forbidden and first 

forbidden unique on the basis of log ft values. Fortunately 

the shape factors provide a better distinction between these 

two transition types. 

1-2 Gamma Decay - The Electromagnetic Interaction 

The spins, parities, energies and matrix elements for 

the states of a nucleus can be obtained from gamma-ray transi
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tion rates and energies. Theoretically the probability of 

photon emission from a nucleus is of the order e 2/~c = 1/137 

(the fine structure constant) times smaller than that for heavy 

particle emission. However de-excitation by an electromagnetic 

process does occur in nature if the excited nucleus is stable 

against nucleon emission because of a quantum mechanical 

barrier such as Coulomb or cent~ifugal or if particle emission 

is inhibited by some selection rule. 

First order time-dependent perturbation theory can be 

used to show that the transition probability between an initial 

nuclear state ¢i and a final state ¢f is given by, 

T~ = 2rrl<¢.IO l¢f>l 2 Pf{E)
1 1 , 

where pf (E) is the density of final states, and O is the 

electromagnetic interaction operator. A simplified picture 

can be drawn of the interaction by realizing that the wavelength 

of photons is usually much larger than the dimensions of the 
l 3 

nucleus. For instance for A=88, the nuclear radius, R=S.SxlO~ 

cm., while the wavelength of a photon, given by 

is 4x10- 11 for E = 511 keV and 2.sx10- 12 cm. for E = 8 MeV. 
y y 

Electric radiation is due to the coupling between the charges 

of the particles in the nucleus and the electromagnetic field. 

Therefore one can ignore the variation of the electric field 

of the radiation across the nucleus. Then to a first approxi

http:2rrl<�.IO
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mation one can write the interaction energy as £eZ. The 

associated matrix element which is proportional to 

¢ dZJ <Pi z f 

z 

is non-zero only if there is an· angular momentum change, 

L=l, between the initial and final states as well as a change 

in parity. In order to conserve angular momentum and parity, 

the following selection rules must be obeyed, 

As the electric field is actually not a constant over 

the nucleus, correction terms of the form (Z/~)L must be 

considered in the integrand of the matrix element for higher 

order multipole radiation when the lower order multipole 

radiation is prohibited b~ selection rules. The contribution 

from each successive term varies as (R/~) 2L << 1 since the 

transition probability varies as the square of the matrix 

elements. The parity change for each transition is given by, 

These transitions are then referred to as electric or EL 

radiation emitted by a vibrating electric 2L -pole where L 

indicates the multipolarity. 

The other kind or radiation possible between states 
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in a nucleus is the magnetic radiation emitted by a vibrating 

'L 
magnetic 2 -pole. This radiation is due to the coupling between 

the electromagnetic field and the distribution of magnetization 

in the nucleus arising from the circulation of charges and the 

intrinsic magnetic moments. Magnetic radiation splits into 

multipoles and has the same spin selection rules as electric 

radiation but the associated parity change is (-l)L+l. In 

general magnetic ~adiation is weaker than electric radiation 

of the same multipolarity by (V/C) 2 ~ 0.05 since the current 

density is smaller than the charge density by the factor (V/C) 

where V is the speed of the charges. 

As the photon has one unit of angular momentum associa

ted with it, no transition of multipole order zero can occur, 

where 

In this case if the energ~ difference between the two states 

2is greater than 2mc , pair emission is possible (i.e. creation 

of a negative and positive electron pair). However for lower 

energy transitions the only possibility is internal conversion 

in which an orbital electron emerges and carries away the 

energy of de-excitation. Internal conversion also competes 

with photon emission for lower energy transitions not involving 

a o~o transition. The internal conversion coefficient for an 

orbit is defined as the ratio of the probability of emission 

of an electron to the emission of a photon, i.e. for the L 

electron shell, 
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aL = N /N .
eL y 

Knowing the electronic wave functions involved, the conversion 

coefficient can be calculated very accurately on a theoretical 

basis. The coefficient depends only on the energy, multipolarity 

and parity change of the transition and on the value of Z for 

the nucleus and not on the nuclear wave functions. Therefore 

the values of th~ coefficients are independent of any nuclear 

model invoked. Theoretical values of internal conversion co

efficients have been calculated and tabulated by Sliv and 

Band(?) as a function of Z, E and L. 

Gamma ray transition probabilities depend on the multi-

polarity, the energy E of the transition and the wave funcy 

tions of the nuclear states involved in the transition. These 

probabilities are usually expressed in terms of their mean 

lifetime T or the radiative width of the level emitting the 

radiation, r . These two quantities are related through the y 

uncertainty principle, r T ~ 11.. Assuming an extreme one. y y 

particle nuclear model, Weisskopf (B) has calculated values of 

T- i (EL) and T- 1 (ML) given by, 
y . y 

3 2 Ey 2L+l 2L4.4(L+l)T.f (EL) x 1021= (L+3) (197) R sec 
L[ (2L+l) ! !] 2 

and 

2 Ey 2L+lR2L-2l.9(L+l) 3 
10 21Tif (ML) x sec- 1= (L+3) (197)

L[(2L+l)!!] 2 

1 

1 
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where R is the nuclear radius in fermis (10- 13 cm.) 

and E is the energy of the transition in MeV. 
y 2 

Here the factor - 10(~) is used to relate the magnetic transi
McR 

tion probability to the electric transition probability. This 

factor is obtained by using the uncertainty principle to 

estimate 

I v - i1 
C - McR 

and by taking into consideration the fact that the intrinsic 

magnetic moment of a nucleon is about 2 Bohr magnetons. As

3suming that R = r Al/ where r = 1.3 fm, the Weisskopf
0 0 

estimates for the lowest order transition probabilities are, 

A2/3 E3=TyW (El) 2.0 x 10- 1 

y 

TyW(Ml) = 6.3 x 10- 2 E3 
y 

= 2.7 x 10-1 A4/3 ESTyW (E2) y 

TyW(M2} = 7.S x 10-B A2/3 ES 
y 

Mo~zkowski(g) has calculated better estimates for the magnetic 

transition probabilities by taking into account the orbital 

magnetic moment of the radiating particle. He simply replaced 

the factor 10 which is used in coupling the magnetic to the 

electric transition probability by the factor, 

2 
[L+3 (µ L - L )]
L+2 p L+l 



11 

where µ = 2.79 is the proton's intrinsic magnetic moment. p 

This increases the magnetic transition probability as L 2 
• 

Another factor which has been ignored in the Weisskopf estimates 

of both electric and magnetic transitions is the statistical 

coupling factor S(Ji,L'Jf) which takes into consideration the 

spins of the initial and final nuclear states. However for 

simplicity, transition strengths are usually stated in terms 

of Weisskopf units. The measured transition probability, T ,y 
2is said to have strength IM 1 = T /T Weisskopf units where y yW 

IMl 2 is a measure of the transition relative to that of the 

extreme single particle transition. This in turn gives one 

information about the nuclear wave functions which represent 

the initial and final states since the transition probabilities 

are strongly dependent on the nuclear wave function. 

The transition probabilities can also be expressed as, 

2L+l8n(L+l) 1 · T(cr,L) = - (w) B (cr,L ) 

L [ ( 2L+1) ! ! ] 2 . 11: c 


where a represents either the electric (E) or magnetic (M) 

transitions. B(cr,L) is called the reduced matrix element of 

the transition and involves the electromagnetic operator and 

a knowledge of the initial and final nuclear wave functions. 

Theoretical values of this matrix element can be calculated 

using nuclear wave functions obtained from a particular nuclear 

model. 
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Wilkinson(lO) has summarized some of the empirical data 

available on the strengths of the electric and magnetic transi

tions observed in nature. In general it is found that the 

distributions of IMl 2 for El and Ml transitions are centered 

at a few orders of magnitude less than for the single particle 

estimates. Thus the El and Ml transitions are strongly hin

dered. The M2 transitions are not hindered by such a large 

factor and the E2 ' transitions are usually in fact strongly 

enhanced . . 

1-3 Nuclear Forces - The Strong Interaction 

The strong interaction force acts between the nucleons 

in a nucleus. It is ·best studied by means of the simple two 

nucleon scattering experiment as the experiment can be under

stood in terms of the two-body problem. A nucleus containing 

more than two nucleons becomes very complex as one is now 

dealing with a many-body problem which is one for which physicists 

hav.e not yet provided an adequate solution. However Brueckner (ll) 

has proposed the application of potentials suggested by scat

tering-experiment results to the many-body problem and has 

had some success in the problem of nuclear matter. The many 

body problem has also been approached by various other tech

niques which were developed in other fields of physics, e.g. 

the Hartree Fock theory a$ used in atomic structure and the 

pairing force theory as developed to explain the state of 

superconductivity. 
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Nuclear systems are described mathematically by means 


of a solution to the Schrodinger equation, 


H~ = E ~ •n n n 

Here ~ represents a set of eigenstates for the system and E 
n n 

is the corresponding set of energy eigenvalues for the system. 

The set of energies E gives the energies of the excited states 
n 

-of the system while E gives the ground state energy of the 
0 

system. The Hamiltonian operator characteristic of the system, 

H, containing both kinetic and potential energy operators, 

determines the nature of the wavefunction, ~ . Mathematically
n 

the complete description of the nuclear structure of the system 

is contained in the correct total wave functions of the 

nuclear excited and ground states. In order to obtain a 

realistic set of wave functions~ one must choose a "model" to 

determine the nature of the potential well to be used in the 

Hamiltonian. Certain facts about the forms of the potential 

are known from experimental data. The high degree of polariza

tion evident in scattering experiments requires the presence 

of a force component of the form vL5 (r)L•S. The fact that the 

binding energy of a nucleus isnotproportional to the number 

of nucleons in the nucleus, requires that nuclear forces satu

rate. The nature of the wavefunctions of the states in a 

nucleus can often be obtained from the weak interaction and 

electromagnetic interactions making it easier to predict the 
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nature of the nuclear model to be used to explain the experi

mental facts. 

No one nuclear model c~n predict all the properties 

of a single nuclide although progress has been made in descri

bing a "unified" mode1< 12 > to account for most properties of 

·all nuclides. An attempt will be made here to describe the 

salient features of the nuclear models currently in use which 
.. 

will help to unravel the nuclear structure inherent in the mass 

region under study in this thesis. 

1-4 Shell Model 

The single particle model proposed by MayerCl 3 ) in 

1949 considers the individual nucleons in stationary orbits 

paired off so that the nuclear parameters are determined by 

the sing.le unpaired nucleon. The basic assumptions of the 

model are that the Pauli exclusion principle holds for both 

protons and neutrons independently and that there are no 

correlated or collective motions of several particles. The 

form of the potential energy operator for the shell model was 

taken to be, 

U(r) = V(r) + f (r) L•S 

where 

V(r) = 
1 + e(r-R)/a 

and 
f(r) a: 1 dV{r) 

r dr 
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Here f (r)L•S is the spin-orbit coupling term and the central 

potential V(r) corresponds to a form intermediate between a 

square well and a harmonic oscillator. The spin-orbit force 

has the effect of removing the degeneracies inherent in the 

orbital angular momentum, i, of a state and causing a splitting 

--between levels with the same i value into two levels with 

j=i-s and j=i+s with the latter being lower in energy. The 

energy gaps in the level order of single particle states occur 

at the "magic" numbers as revealed in experimental data. The 

order of energy levels of -the first 126 neutrons in the simple 

shell model is given by Preston(l4 ). The shell model has been 

successful in predicting many experimental facts, e.g. the 

ground state spins and parities _of odd-A nuclei, the spins and 

parities of the first few excited states and the occurrence 

of magic numbers. 

1-5 Coupling Model-Extension of Single Particle Model 

The shell model assumes that an even number of particles 

in the same shell always couple their angular momenta to 

zero even in excited states. This assumption however is only 

true if a shell is almost completely filled or filled with 

one pair outside the major shell. In regions where there are 

more than just one or two pairs of nucleons beyond a filled 

shell one must consider the formation of excited states by re-

coupling the angular momenta of the nucleons beyond the 

closed shell to obtain resultants other than those given by the 
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assumption of a single-particle model. The simplest case to 

consider is the coupling of two angular momenta j and j to form
1 2 

a resultant, 

For nucleons in the same shell model orbit, the possible 

states are given by J=O, 2, 4, •.• (2j-l). The parity of 

the states is always given by (2 +2 ). An example of such1 2

coupling in the ~ass region of interest is given by the first 

90few levels of which is a single closed shell nuc+eus40 zr50 

with N=SO. Thus the states should be the result of the coup

ling of two protons. The single-particle energy separation 

between the 2p level and the lg level is about 0.9
112 912 

MeV in this mass region. The ground state configuration is 

) 2(2p with the excited state~ arising from the coupled
112 

configurations (2p ) (lg ) with basic excitation energy of
112 912 

) 20.9 MeV .and (lg with _basic excitation of 1.8 MeV. Figure
912 

90 (15) 
1-2 shows the experimental states observed in Zr and 

th~ir explanation due to the coupling of two protons is 

clear. 

1-6 Collective Model 

The collective properties of a nucleus are clearly 

+demonstrated by the occurrence of 2 states in even-even nuclei 

with large B(E2) values of the ground state transitions. 

These properties can only be explained by the cooperative 

effects of many particles. The analysis of the moments of 
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inertia led to the recognition of two distinct types of corre

lation in the nucleonic motion. ·Particles tend to orient their 

orbits with respect to the axis of the deformed field and the 

residual forces tend to correlate the particles in a state 

with a spherical density distribution. This provides competi

tion giving rise to two types of nuclear collective spectra. In 

spherical nublei closest to the.closed shells the residual 

forces dominate creating vibrational spectra. Further from 

closed shells the tendency towards deformation becomes domi

nant (e.g. rare earth region) giving rise to rotational spec

tra. This competition between nuclear forces is also evident 

in particle coupling. The field producing forces cause the 

core particles to attempt to al1gn their orbits with the 

deformed field of the odd particle which in turn polarizes 

the core causing a non-eq~ilibrium shape. The short range 

pair coupling forces on the other hand tend to scatter the 

particles isotropically and hence stabilize the spherical shape. 

In even-even nuclei the energy gap corresponds to the energy 

required to break a J=O pair below which only collective 

states appear. The strength of the pairing force, G ~ 22/A 

MeV is such that it overlaps different j-subshells but does 

not overlap any major shells which are separated by about 

10 MeV. Near the middle of a major shell there is a sudden 

flip from prolate to oblate shape, i.e. holes now align their 
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orbits along the polar axis. Near the end of the shell, 

pairing of holes restores the spherical shape. The pairing 

force is thus essential in determining the equilibrium shape 

but it destroys the independent particle structure which is 

.a feature of field forces and causes a diffuseness of the Fermi 

surface. This difficulty is overcome by introducing the con

cept of "independent quasi-part~cles" which are 

partly particles (with probability amplitude V ) and partly
\) 

holes (with probability amplitude Uv) as depicted in figure 

l-3a. The quasiparticle can actually be considered as a con

jugate pair (j,m) and (j,-m), i.e. a mixture of a nucleon in 

state '(j ,m) and a hole in state (j ,-m). 

1-7 Pairing Model 

-The discussion of quasi~particles leads directly to 

the pairing model. In analogy with the superconductivity 

problem solved by Bardeen et al(lG) for metallic conductivity 

at low temperatures, Bohr, Mottelson and Pines(l?) introduced 

their idea of an energy gap into nuclear physics. The BCS 

wave function for the ground state of an even-even nucleus 

can be written as, 

~Bes= n 
~o 

(U
v 

+ ·v 
v 

+a±) IO> 
av · v 

v 

where IO> is the vacuum state 

v represents a (j,m) particle 

-v represents a (j,-m) hole 

and is ~ p~rticle creation operator. 
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The coefficients Uv and Vv are subject to the constraints, 

2 2u + v = 1 
\) \) 

and 2r 2nv v = N 
\) \) 

where N is the total number of nucleons in the state and 

1n = j + is the number of degenerate pairs of type j. The\) 2 
strength of j:he pairing interaction is given by G = 22/A MeV and 

the energy gap ti is then defined by, 

Defining A as the average Fermi energy and Ev as the single 

2 2particle energies, the. solution for u and v are obtained as,v \) 

e: -A 
u2 = l[l + 

\) 
]

\) 2 ,t'(e: · -AJ 2+ f:i2 
\) 

e: -A1 '\) · ·V2 = -[l - ]
\) 2 {(e: -A) 2 + ti 2 

'\) 

One can now introduce quasi-particle creation operators in 

(18)terms of the particle creation operators as , 

+ + +u - v a-av = '\) av '\) '\) 

+ + +a- = u a- + v a 
\) \) \) \) \) 

Then the excited states in BCS formalism are the quasi-particle 

. · I · + +1 f d ·excitations, >,a a. >, etc. or an a mixture of an even number 

. +1 + + +1of real particles and a. >,a a. a. >, etc. for an admixture con
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taining an odd number of real particles. The energy of a v 

quasi-particle state is then obtained from the matrix element, 

where E = ;~2 + (£ -A)2 is the quasi-particle energy. Thus v v 
the minimum excitation energy of an unperturbed two quasi-particle 

state is 2~ which is called the energy gap. A comparison of the 

resulting level densities in the independent-particle case and 

the one quasi-particle case is shown in Figure l-3b. The energy 

difference between the states with odd particles in the v" and 

v' orbitals is (£~ - £~) for the single particle excitation but 

(Ev" - Ev,) for the quasi-particle excitation. 

The pairing model has been very successful in explain

ing · the properties of nuclear structure. Basically it 

explains why even-even nuclei have spin zero ground states and 

very few low-lying states, why odd nuclei for which low-lying 

states are one quasi-particle states have a more complex struc

ture and why odd-odd nuclei for which low-lying states are a 

proton quasi-particle coupled to a neutron quasi-particle 

have very complex structures. The pairing model also explains 

the odd-even mass difference which corresponds to a single 

quasi-particle state with a minimum energy of ~. Apart from 

a few collective states, whose energies are depressed by the 

residual field interactions no excited states are expected or 

seen for spherical even-even nuclei below the minimum two quasi
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particle energy 2~. Electric matrix elements are expected to 


be reduced substantially in odd nuclei between one quasi-


particle states. The hindrance factor is of the order, 


2
Fl= (U U , - TV V ,)v v v v 

-where T = +l for electric transitions. As T = -1 for magnetic 

transitions, the rates for these transitions will not be af

fected much. However for two q~asi-particle transitions the 

hindrance factor given by, 

F2 = (U u I + TV v ,) 2 
v v v v 

indicates a large hindrance factor for magnetic transitions 

and not much change for electric transitions. Beta decay rates 

are also influenced by pairing. For instance in . a beta decay 

which leaves the number of proton and neutron pairs unchanged, 

the rate should be the single particle rate times the proba

2bility u for finding the state v not occupied by a pair. 
. v 

Information on the pairing interaction can also be obtained 

from measurements of the cross-section for stripping and pick

up reactions. The spectroscopic factors in the stripping 

and pick-up reactions are directly proportional to U~ and V~ 

respectively<19 >_. 

1-8 Vibrational Model 

Vibrational spectra originate in spherical nuclei due 

to their shape oscillations. The nucleus can support shape 

oscillations analogous to those of a liquid drop. The shape of 
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a nucleus at some time, t, can be described mathematically 

by the radius at any a~gle e, 

R ( 8) = R [l + E a, Y,µ(8)] · + O(a 2 
}. 

0 A.µ I\µ I\ 

Here ex.A.µ is the shape parameter for the angular momentum value 

A. and projectionµ. YA.µ(8} is the usual spherical harmonic 

function. For small amplitude oscillations, one can postulate 

a surface Hamiltonian, 

which has the classical solution, 

E 

The different angular momentum components can be described 

physically as follows: 

A.=O 	 contributes to the spherical field 

A.=l 	 corresponds to a centre of mass displacement 

such as the dipole displacement of protons 

against neutrons in the giant dipole resonance 

A.=2 corresponds to a quadrupole deformation 

and A.=3 corresponds to an octupole deformation. 

The energy levels expected from a degenerate harmonic oscil

lator are shown in Figure l-4a. The degenerate levels are 
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actually split in realistic nuclei due to the anharmonic 

nature of the collective Hamiltonian. The magnitude of the 

vibrational parameters BA and CA are . expected to fluctuate 

rapidly in certain mass regions because of shell effects. 

The vibrational model leads to some very stringent 

selection rules. The electromagnetic transitions to first order 

in a obey the selection rules 6nA = ±1, i.e. the cross-over 

two phonon transitions are forbidden. Thus one expects the cross

+over transitions from the second 2 state to the ground state 

to be strongly inhibited. The Ml component of the 2; + 21 
gamma-ray transition should be very weak and in most cases 

is inhibited by factors of the order of 100. This inhibition 

factor can be explained directly by the fact that the defor

mation of a uniformly charged fluid induces no magnetic moment 

and so the model predicts zero magnetic transition. Another 

important selection or intensity rule for transitions in 

vibrational nuclei is given by the relation between the reduced 

transition rates between the second set of vibrational states 

+ . +
and the first 2 state and between the first 2 state and the 

ground state, 

+ 2+ 4+ 2+) = 2 ( 2 2+ +)( 2 ,02' 2' 1 + 1 B E ' 1 +B E 01 . 

This follows from the general intensity sum rule for vibrational 

transitions, 
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There are no interactions between the different 

vibrational quanta or between the quanta and quasi-particles 


in the harmonic approximation of the vibrational model. Thus 


particles in an odd mass nucleus should move unaffected by 


the oscillatory field set up by the vibrations and the resul

··	 ting · spectrum will consist of the intrinsic excitations of 

quasi-particle states and a series of vibrational · spectra 

associated with the intrinsic states. The combination of a 

particle state with angular momentum j with a vibrational 

state of angular momentum A will give rise to a multiplet 

of states of total angular momentum, 

J = i+j, ~+j-1, .•. ,1x-11 

as shown in Figure l-4b. The energy of the multiplet rela

tive to the . intrinsic state is approximately equal to the 

corresponding phonon energy in the neighbouring even-even 

nucleus. The reduced transition probability for the transitions 

to and from these vibrational states are related to those for 

even-even nuclei by a simple geometric factor, 

+These transitions obey the selection rule, ~nA ~ - 1 with no 

~nA = l,j-+j' transitions allowed. 
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In general the low-lying states in odd-A nuclei are 

strongly mixed quasi-particle and vibrational excitations with 

each state containing more than one vibrational component. 

The particle-vibration coupling arising from the vibrational 

shape fluctuations of the potential well in which the odd 

particle is moving will split any degeneracies in the levels of 

the nucleus. If short range pairing forces are taken into 

account, the Fermi surface becomes smeared out and a given 

single particle state v becomes occupied with probability 

amplitude V • Then the energy separation of the first excited v 
state for the shell model plus residual interactions becomes, 

E -E = E -E
1 o v v' 

compared to the £ -£ , without the interaction. This is exactlyv v 
the same res?lts as that derived from BCS theory when the 

states v are described as quasi-particle states due to their 

dual role of being partly particle and partly hole states. 

The low~lying states for odd mass nuclei may be asso

ciated with the motion of a single particle in the average 

field. As a result of pair coupling, the more complicated 

states (i.e. of seniority 3 or higher) are expected to occur at 

rather high excitation energies. Seniority is defined as the 

number of unpaired nucleons in an excited state of a nucleus. 

For spherical nuclei with both protons and neutrons outside 

of closed shells there is a strong coupling between the particle 
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motion and the low-lying vibrations resulting in a number of 

states of mixed particle-vibrational character. 

In summary it can be said that the spectra of spherical 

nuclei< 20121 ) are due to three basic nucleonic motions: the 

motion associated with the quasi-particle degrees of freedom, 

the motion associated with the vibrational degrees of freedom 

and the motion due to the polarization modes of the core. 

1-9 Other Models 

Other nuclear models have been proposed to explain 

nuclear structure. These include the rotational model with 

its well-known prediction of energy spectra of even-even 

nuclei given by, 

-1'i 2 
= L:;J J (J+l) J=O, 2, 4, ••• 

where .J is the moment of inertia. For odd mass nuclei the 

.rotational spectra are perturbed somewhat by means of a 

decoupling term due to the Coriolis force. Nilsson< 22 > has 

proposed using a different shell model potential to describe 

the motion of deformed nuclei, 

1 2 2 2
V = 2 M w r + C i•S + Di 

2with a term added proportional to i . The resulting wave 

functions which are the sum of certain single-particle wave 

. functions describe the spectra in the deformed region very 

well. However these other models are not applicable to 
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spherical nuclei and will not be 	discussed any further here. 

1-10 The Neutron Capture Reaction 

In the neutron capture reaction, a neutron of energy 

E is captured by a nucleus of mass number A to form the 
n 

compound nuclear system of mass (A+l) and energy E ,
0 

A+n+E + (A+l)+E . n 	 o 

The Q-value of the reaction is given by, 

Q = E -E o n 

The compound nucleus may de-excite either by giving off a 

neutron (elastic scattering) or by a cascade of m gamma rays 

to the ground state of the system. The Q-value of the re

action 	may then be measured experimentally as, 
E2 

m 	 Yi
Q = L (E +y.i=l i 

where the last term is the recoil energy given to the nucleus 

for each ganuna-ray de-excitation in the cascade. Neutron 

capture reactions are usually studied using thermal neutrons 

which have a Maxwellian velocity distribution with mean neu

tron energy, ~ =0.02 eV, as these are easily obtainable with 
n 

sufficient intensity in a nuclear reactor. Then the measured 

Q-value for the reaction corresponds to the binding energy 

of the last neutron in the (A+l) nucleus. The neutron capture 

reaction has been the major source for the measurement of 

accurate neutron binding energies as a function of A. 
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Thermal neutron capture proceeds almost entirely via 

s-wave neutrons because of the centrifugal barrier for higher 

angular momenta. The ratio of s-wave to p-wave penetrabilities 

for neutrons is given by( 23 }, 

p 
s = 1 + 1 

pp (kR} 2 

·where k ~s the wave number of the neutron 

R is the interaction radius • . 

The ratio is ~ 10 7 for light weight nuclei and thermal neutrons. 

For medium weight nuclei kR+l at about 100 keV neutron energy. 

The garruna-ray yield from neutron capture in p-wave resonances 

becomes equal to that in s-wave resonances when the p-wave 

neutron width is comparable to the radiation width. Some 

p-wave resonances have been .found below 100 eV at A=94( 24 >. 

In fact the p-wave neutron. strength function has a maximum 

near A=90. However for a thermal neutron beam, the number of 

neutrons at energies greater than 100 eV is very small and so 

p-wave capture is not expected to be of any significance. 

The capture of an s-wave neutron forms a compound state 

• I IJ+_12I .of spin J = and parity the same as that of the target 

ground state where J is the ground state spin of the target. 

If the energy of the compound nucleus coincides with that of 

a compound resonance state, the details of the gamma-decay 

will be determined by the spin and parity and other properties 

of this compound state. However if the energy of the compound 



29 


nucleus falls between resonances both possible spin states 

will contribute to neutron capture with ·a mixture depending 

on the shape and proximity of levels of the two different J' 

values. Neutron capture then provides information both on 

the capture mechanism and on the properties of the bound 

states populated in the reaction. 

The nature of the capture mechanism has been the sub

ject of both experimental and theoretical studies. Experi

mentally strong groups of ganuna rays are observed where the 

p-state is close to the ground state and the ganuna-ray transi

tion probability depends on the shell mo_del configuration of the 

final states. The similarity between the intensity of neutron 

capture ganuna rays and proton groups in the (d,p) stripping 

reaction to the same final states is taken as strong evidence 
I 

for single particle effects in the neutron capture mechanism 

since the (d,p) reaction is regarded as a good direct reac

. (25)
t ion . The intensities observed in the two reactions are 

expected to be correlated if either initial or final . states 

in each reaction can be written as a simple product of wave 

functions representing the target and incident neutron 

separately ' in terms of fractional parentage coefficients. 

Direct capture occurs when the nucleus undergoes a radiative 

transition before the neutron has shared its excitation energy 

with the target nucleons. The amount of direct capture can be 

comparable to compound nuclear formation when capture occurs 
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far from resonances in nuclei where the level spacings are 

large and when radiative transitions can occur to levels which 

are relatively pure single particle states for the added 

neutron. 

The general captu~e mechanism has been well explained 

26 ' 27 )··-by Lane and Lynn < using nuclear dispersion theory where 

they derived~ a formulation for the complete capture cross

section in the resonance region. · .Contributions from a compound 

nuclear resonance internal part, from capture in the entrance 

channel caused by modifications in the wave function produced 

by nearby resonances and from hard sphere potential scattering 

together with its modification by the "direct" capture induced 

by distant resonances were incl~ded. Potential and channel 

resonance cross-sections depend on the strength of the single-

particle p-wave configuration in the final states and can give 

rise to strong radiative transitions when the p-wave admixture 

is large.. Even the resonance internal part may give rise to 

enhanced transitions to pure single-particle p-states if the 

initial state neutron reduced width is large. Exceptionally 

large values for kEl' the reduced electric dipole gamma-ray 

width, for primary transitions in nuclei near mass number 90 

cannot be explained by the capture model of Lane and Lynn 

however since these nuclei occur at minima in the s-wave neutron 

strength function where the enhanced radiation widths are not 

. (25) (28)
predicted • Bartholomew · has plotted the values of kEl 
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and kMl versus mass number A and found that they are actually 

relatively constant. According to the theory proposed by Lane 

and Lynn the partial width for an "enhanced" transition to a 

single particle p-state following resonance capture is propor

tional to the reduced neutron width of the resonance. Similarly 

the reduced radiation widths for the primary gamma-rays should 

29follow the well-known Porter-Thomas( ) distribution, which is a 

chi-squ_ared distribution with one degree of freedom, as do the 

reduced neutron widths. 

The cross-section for neutron capture in a particular 

resonance of spin J' and energy E is given by, 
f 0 

r r 
a = TIA2 g ~~-n~_._Y~--~~-

Y (E-E ) 2+(f/2) 2 
0 

where = ( 2J'+l) is a statistical factor 
g 2(2J+l) 

A - wavelength of neutron 

and r = r +r is the sum of the partial neutron and 
n y 

gamma widths. 

The emission probability is then r /~ per second. Actuallyy 

r is relatively constant for all nuclei, being of the order of 
y ' 

100-200 :n:ev, since the capture level possesses a large number 

of decay modes. The total gamma-ray width, r , is composed
y 

of a sum of partial gamma-ray widths, 
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which obey the Porter-Thomas distribution. The value obtained 

for r cannot be compared directly to the Weisskopf estimate 
Yi 

for single-particle transitions as the level spacing at the 

neutron capture energy, D, is much less than the single particle 

level spacing, D , which is about 10 to 15 MeV. Thus in real 
0 

nuclei one must consider the actual level spacing since the 

gamma strength is actually shared among many levels. This 

leads to a value of r, 

r = 
D rw n 

0 

So for El transitions, 

. f (El) = CE3A2/ 3 D 
Do 

and the gamma-ray reduced width ·is defined as, 

f (El)
k - y • 

El - E3A2/30 

Similarly for magnetic transitions, 
r (Ml) 

kMl = ___._Y..,,..-
E j 

· 
D 

Bartholomew( 2 B) has found that kEl :!: k ~ 10-2 for A=88.
• Ml . · . 

The reduced widths are particularly i~rge near neutron closed 

shells. 

Besides providing information on the neutron separation 

.energy, insight into the capture mechanism and details on the 

gamma-ray transition probabilities, the neutron capture 

reaction gives rise to characteristic spectral distributions 

and information on the spins, parities and distribution. of 
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energy levels populated in the bound states of the (A+l) 

nucleus. The number of gamma rays in the neutron capture spec

trum depends on the number of states below the capture state 

to which transitions can occur. The number of levels available 

increases rapidly with mass number. Also the spectra of odd

··odd product nuclei are much more complex than those of neigh

bouring even-even or even-odd nuclei because of the difference 

in level density at the same excitation energy in the various 

nuclei. The .pairing energy qepresses the energy of the ground 

state configuration with respect to the neutron separation 

energ-y and must be applied to the nucleus before single-particle 

excitation can occur. The shell structure also affects the 

spectral shapes. The simplicity of some spectra is associated 

with the reduced level denisty near closed shells. The strong 

high energy primary gamma rays may be associated with transi

tions of single particle type which leave the target nucleus core 

undisturbed. Collective properties are apparent in spectra 

of some off-shell mass regions. These properties are displayed 

in the form of a group of intense gamma-rays at low energy 

emitted in transitions between members of rotational bands. 

Above A~70 one can treat the gamma-ray cascade as a statisti

cal process. The spectral distribution and the average number 

of gamma-rays per capture are then statistical properties as 

well as ·the total radiation width of the capturing state. 
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The spectral distribution depends on the level density of 

states to be populated, 
D (S ) 

( ) = CE3 n 
v E D(Sn-E) 

~here D(S ) and D(S -E) are level spacings at separation energy
n n 

Sn and at excitation levels of energy Sn-E respectively for 

-levels of the same spin and parity as the capturing state. Then 

·the expression, 

r:v(E)dE = s 
n 

0 

provides a means of obtaining normalized absolute intensities 

for gamma-rays following neutron capture. Another commonly 

referred to property of the spectral distribution is the multi

plicity, or the average number of gamma rays emitted per 

capture, 

M = r~ (E)dE. 

0 

This quantity increases slowly as a function of the mass number 

A. 

Gamma-ray selection rules limit the type of states 

populated directly from the capture state but most low energy 

states can be populated via two- or three~step cascades. The 

decay of the compound nuclear state can be ascertained from · 

energy, coincidence and intensity relationships. One often 

knows the ~ values for many bound levels from the orbital 
n 
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angular momentum transferred to the neutron in the correspon

ding (d,p) reaction. Spins and parities of the levels can 

often be determined from the branching ratios of garruna transi

tions. The multipolarities of the garruna rays can be determined 

from measurements of internal conversion coefficients or from 

garruna-ray angular correlation measurements. Often half-life 

measurements of some low-lying states lead to useful infor

mation concerning· the widths of these levels and hence the 

nature of the states, collective or single-particle. Finally 

population of the bound states in a nucleus provides infor

mation on level densities at low excitation energies. 
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SURVEY OF PREVIOUS WORK 

2-1 The Nuclides Under Study 

The details of the level structure of isotopes with a 

closed or nearly closed neutron shell of N=SO will be determined 

. 87 88in this thesis; in particular of the isotopes Rb Rb50 , 51 ,37 37
87 88and . The basic level structures as tabulated38sr49 38sr50 

in the Nuclear Data Sheets( 30) and in the sixth edition of the 

Table of Isotopes C3l) are shown in figures 2-1 ·and 2. ~ • 

Some of the pertinent facts known about these isotopes prior to 

this study will be outlined here. The most recent measurements 

of the radioactive isotope half-lives of interest are listed 

· in -Table 2-1. The lifetime of the well-known isomeric level in 

Table 2-1 

Parent Half-lives 

. (32)min. 

2.80 hour< 32 > 

5.22xlQ 1 0 year <33 > 

. (34)17.78 min. 

sr has recently been measured to be 2.83 hours( 3S}. The 

36 

87 
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krypton and rubidium isotopes have generally been obtained 

from the products of the fission reaction on uranium as dis

cussed in section 2-5. 

There are four stable strontium isotopes present in 

nature. Therefore in a neutron capture reaction one must con

sider the percentage capture in each isotope. The total thermal 

neutron capture cross-section for natural strontium has been 

measured to be l.i6 barns by pile oscillator methods( 36 ). 

Since the percentage isotope abundance of all four stable 

(37) .
isotopes are well known and the neutron capture cross

39section for three of t~e isotopes (84,86,88) have been measured< > 

it is possible to calculate the percentage ·capture contribution 

for each isotope. Table 2-2 surrunarizes the results. 

Table 2-2 

% Abundance cr % Capture Q(n,y) 
c Contribution (MeV) 

84Sr 0.55 0.8 0.38 8.24 

86Sr 9.87 1.3 11.0 8.42 

87Sr 7.02 ~14.6 ~88.2 11.11 

88Sr 82.56 0.006 0.42 6.40 

The Q-values< 39 
> listed for the (n,y) reaction refer to the 

neutron binding energies for the compound system consisting 

of target plus neutron. It is seen that the only significant 

thermal neutron capture contributions come from the 86sr(n,y) 87sr 
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87 88 .and the Sr(n,y) Sr reactions. 

· The ground state spins of all the isotopes of interest 

have been determined and are summarized in Table 2-3. The 5/2+ 

87spin-parity assignment of the ground state of Kr is based on 

Table 2-3 

IsotoEe Spin Reference 

87Kr 5/2+ 37 

87Rb 3/2- 38,41 

87Sr ·9/2+ 38 

88Kr o+ 

88Rb 2 -~ 39 


88Sr · o+ 


86
the Kr(d,p) 87Kr reaction · studied by Sass et al( 4 0) who 

determined the ground state to be a d-state. The shell model 

predicts that the ground state should be a neutron in the a512 

configu~ation for the Slst neutron. A neighbouring nuclide 

91with 51 neutrons, has a measured ground state spin40 zr51 , 

and parity of 5/2+ as well. Many other odd-A nuclei with an 

odd number of neutrons outside the N=SO shell also have ground 

state spin of 5/2+, including :~Mo55 with five neutrons in 

42the ~/2 she11< ). Thus it can be taken quite conclusively 

that the ground state spin of 87 Kr is 5/2+. The ground state 
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87of Rb has been assigned the p configuration based on
312 

(41) 
a measured spin of 3/2 by the atomic beam method . This cor

responds to an inversion of the shell level order of fitting 

for neutrons since for 37 neutrons and an even number of protons 

one would expect the hole in the f 5 shell to determine the12 
ground state ·spin. However for protons a hole in the p 312 

87
subshell determines the spin for 37 protons in the case of Rb 

83although for Rb the 3/2- level lies 40 keV above the 5/2
37 46 

ground state demonstrating that the order of filling of the 

subshells cannot be predicted accurately by the shell model. 

87The ground state spin of sr has been measured to be 9/2+ and 

can be assigned the g configuration due to a hole in the
912 

88 88 g subshell. The ground state spins of Kr and Sr of
912 

course are both 0+ being even-even nuclei. The ground state 

88spin and parity of Rb has "' been measured to be 2 using37 51 

atomic beam techniques. Assuming the proton configuration to 

be the same as that of 87Rb the addition of the Slst neutron 

88
f . . f b fwould 1ead t o t h e ground stat e con 1gurat1on or R o 

-1
w(p > v(d > which could result in a spin of 1 , 2-, 3

312 512 

or 4-. However the value has been well established experimen

tally to be 2-. -In fact all odd-odd rubidium nuclei from mass 

number 84 to 90 have ground state spins of 2 . Vanden Bout 

43et a1< > have recently confirmed the ground state spin-parity 

88 . t f b . th t . b .assignmen o R using e a omic earn magnetic resonance 

technique. 
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2-2 Beta-Decay Studies 

The first significant work on the beta decay of the 

krypton and rubidium radioactive isotopes of mass 87 and 88 

was carried out by Thulin< 44 , 45 ) using electromagnetically 

isotope separated samples. The krypton samples being inert 

gases are easily separated chemically from the other products 

235of u thermal fission. Rubidium is produced as the daughter 

product of the krypton gas. 

87In his work on the beta decay of Kr in 1952 Thulin 

managed to strip off two beta components with energies 1.27 and 

3.63 MeV and intensities 25 and 75% respectively using a mag

netic beta-ray spectrometer. However later with better instru

mentation and beta-gamma coincidence results, Thulin( 4 G) 

87determined three beta components in the decay of Kr as shown 

in Figure 2-1. Using a Nal(Tl) scintillation spe~trometer, four 

ganuna-rays of energy 2.57, 2.05, 0.847 and 0.403 MeV were de

tected and placed in the decay scheme based on beta-ganuna 

coincidence results. Based on this decay scheme, Thulin 

87postulated the ground state of Kr to be 7/2+ as no ground 

state beta group was observed and measured the Q-value for the 

reaction to be 4.2 MeV. Using the improved nuclear instru

mentation available today, Holm< 47 
> studied the decay of 87Kr 

employing the isotope preparation technique as outlined by 

Thulin( 48 ). He employed a germanium lithium detector and 

scintillation coincidence techniques to establish a level scheme 
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with states at O~ 403, 845, 1578, 1741, 2416, 2557 and 3310 

keV. A beta transition to the ground state was detected and 

87this is plausible on the basis that the ground state of Kr 

has meanwhile been measured to be a d state. A Q-value of
512 

3.9 MeV has been obtained for this beta-decay reaction. Gamma-

gamma 	coincidences were performed using two NaI(Tl) counters. 

87The first excited state in Rb has definitely been established 

to be an f 5 state based on the angular distribution measure
12 

ments of .Alkhazov et a1< 49 ) using Coulomb excitation of ~he 

first -excited state by means of 16.1 MeV nitrogen ions. 

The half-life of 87
Rb is 5.22xl0 10 years and the isotope 

87decays only via beta-emission to the ground state of sr 

with an end-point energy of 274 keV(SO). Thus this radioactive 

decay can yield no information on the ~xcited levels in 87sr. 

87However the two first excited states in sr at 388 and 871 keV 

have been established by the study of the 80 hour positron decay 
87 (51)

of Y 

88 88The beta-decay of Kr to its daughter Rb has been 

studied at two .different times by Thulin( 44146 ). To obtain 

88 88good Kr beta- and gamma-ray spectra, the spectra of pure Rb 

were subtracted from the corresponding combination of 88 Kr and 

Rb spectra. Eight gamma-rays were detected with an NaI 

scintillator and three beta-components with end-point energies 

520, 900 and 2700 keV and intensities 70%, 10% and 20% respec

tively were observed. With the aid of beta-gamma and gamma

88
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ganuna coincidence results the decay scheme in Figure 2-2 

was constructed by Thulin. He also detected the 28 keV con

version electrons in coincidence with the 160 keV gamma-ray 

and measured the K/(L+M) ratio for this transition to be 8 

thus classifying it as an Ml transition. The beta-decay Q~ 

value for 88 Kr was measured to be 2.9 MeV. 

The first work on the beta-decay of 88 Rb to levels 

88in sr was done by Bunker et a1< 52 
> using a scintillation 

spectrometer to detect three gamma-rays of energy 0.908, 1.853 

and 2.76 MeV. Thulin detected two more gamma rays of energy 

882.18 and 4.2 MeV giving rise to three excited levels in sr 

at 1.84, 2.76 and 4.1 MeV. Three main beta groups with end

point energies 5.3, 3.5 and 2.5 MeV and intensities 77%, 13% 

and 9% respectively were determined by Thulin leading to 

a beta Q-value for this radioactive decay of 5.3 MeV. Directional 

correlation measurements have definitely established the spin 
+ _(53,54) 

and parity of the first two excited states to be 2 and 3 

and the intensity ratio of the M2 to El components of the 0.908 

gamma-ray transition to be ~10- 4 • The 88 Rb source was pre

pared by means of electrostatic precipitation from the krypton 

fission gas. 

Lazar et a1< 55 ) restudied the low-lying levels of 88 sr 

via the beta-decay of 88 Rb and the positron decay of 88Y. The 

88 Rb . . d d b hactivity was pro uce y t e neutron bombardment of natural 

rubidium. The ground state beta transition was measured to be 
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75.9 ± 5% by comparing the total beta activity to the gamma

radiation from the 1.85 MeV level. Using a 3" by 3" NaI crystal 

ten garruna-ray energies were measured and fit into the decay 

scheme as shown in Figure 2-2. With the help bf gamma-gamma 

coincidence results, new levels were determined at 3.24, 3.52, 

3.65, 4.53 and 4.87 MeV. From the decay scheme the intensities 

88of the beta groups to the first two excited levels in sr 

were calculated as 4.3% and 13.6% to the 1.85 and 2.76 MeV 

levels respectively as sununarized in Table 

Table 2-4 

Bunker et al 

Thulin 

Lazar et al 

Ragaini et al 

ES 

5 .13 ±.o3 

+5.30 -.05 

5.199±.004 

% 

66 

77 

79.5±5 

76.2±4 

ES 
+
3.39-.10 

3.6 

3.363 

34 

2""."4. 

% 

19 

13 

4.3 

4.7 

ES 
--+
2.04 -.015 

2.465 

% 

15 

9 

13.6 

13.8 

Recently Ragaini and Knight< ) studied the beta decay 
, . .88 

of 17.8 minute Rb in order to supplement their nuclear . reac

88tion studies of the level structure of sr. They used Ge(Li) 

and NaI(Tl) gamma-ray detectors and a gamma-gamma coincidence 

spectrometer to observe and place fourteen gamma-rays into the 

decay scheme. The sample was obtained by neutron activation of 

Rb. By a direct-comparison of the total beta-ray activity 

with the intensity of the 1836 keV gamma-ray, they determined 

+the ground state beta group to have 76.2 - 4% of the total beta 

87

http:3.39-.10
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intensity. A value of QS for the reaction of 5.199 ± -o.004 MeV 

88 was calculated based on the sr neutron binding energy 

56 87(11.1135 ± 0.0015 MeV from Irigaray et a1< )), the Rb QS 

value (0.274 ± 0.003 MeV from Beard and Kelly(SO)), and the 

88
Rb neutron binding energy (6.188 ± 0.002 MeV from the rubi

dium neutron capture data of Rasmussen et a1< 57 >}. 
88 88The decay of Y by electron capture to Rb has been 

well studied over ·the years. It has been found to decay mainly 
88 (31) 

to the 2.76 MeV level in Sr which is then de-excited by 

the 0.908 and 1.853 MeV gamma-ray cascade and the 2.76 MeV 

53 cross-over transition. More recently Shastry and Bhattacharyya< ) 

88restudied the decay of Y and found that two levels at 3.22 

. 88 and 3 . 52 MeV were a 1 so weakly popu1ated in Sr. 

2-3 Neutron Capture Studies 

Thermal neutron capture on natural strontium has been 

investigated previously by various researchers. As there are 

no strong resonances close to the neutron capture state in the 

. (59)
isotope~ of interest neutron capture has a very low cross-

section. 

The first study was undertaken by Kinsey and Bartholo

. (36)
mew using a pair spectrometer to detect the high energy 

7 

gamma rays from thermal neutron capture in natural strontium 

in the form of Srco3 . They detected the twelve ganuna rays 

listed in Table 2-5 and were able to measure the absolute 
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Table 2-5 

E y I y A of Final Isotope 

9.22 0.06 88 

9.06 0.1 88 

8.376 1.3 88 

8.045 1.1 87 

7.530 5 87 

6.95 5 

6.87 6 

6.671 6 

6.268 5 

6.10 4 

5.82 2 

5.43 2 

garruna-ray intensities per 100 neutrons captured. The intensi

ties were obtained by the "approximate" method in which the 

sample i~ assumed black to neutrons. However the technique 

+may have errors of - 50%. Isotopic assignments were made for 

only five of the lines listed. The neutron binding energy was 

determined to be 11.120 MeV. 

Not until 1966 was the study of thermal neutron cap

ture in strontium attempted again, tpis time by Schmidt et 

al ( 0) using a 2 cc. lithium-drifted germanium counter. Bragg 

reflection from a lead single crystal was used to obtain a pure 

6
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thermal neutron beam and the target again was natural stron

tium in the .form of Srco A total of 146 lines weregamma3 . 

observed with an average error of 8 keV. Of these twenty

three were assigned to the 88 sr and three to the 87 sr decay 

scheme by means of double coincidence and triple sum coinci

dence results. The coincidence measurements were performed 

using NaI(Tl) counters. The 146 gamma-ray lines detected by 
. 

Schmidt et al are listed in Table 6-2 of this thesis. Several 

88 . 
new levels up to 5424 keV were postulated in Sr on the basis 

of the strong high energy ganuna-rays.Schmidt et al found. no 

evidence for a 9.22 MeV gamma-ray seen by .Kinsey et al(JG) 

88 87and assigned the line at 7.530 MeV to sr rather than sr 

on the basis of energy differences and intensity considerations. 

88 +The neutron binding energy of Sr was measured to be 11.111-.004 

MeV on the basis of the proposed decay scheme. 

(5 7) .
In the next year Rasmussen et al published a list 

of neutron capture ganuna-ray lines for most of the elements. 

The gammp-ray spectra were obtained using a Ge(Li) counter and 

(61) . 
were analyzed using a computer program to obtain the ener

gies and intensities of all lines in the spectrum. For natural 

strontium, 188 gamma-ray lines were listed along with their 

intensities per 100 neutron captures. However the isotopic 

identification of the lines was not attempted nor was a decay. 

87 88scheme for Sr or Sr proposed on the basis of this infer

mation. As no exhaustive check of the computer generated list 
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was attempted, the list may well contain some erroneous infor

mation such as background lines or ganuna-ray lines missed due 

to strong background lines. 

Irigaray et al( 56 ) investigated the neutron capture 

gamma-ray spectrum of natural ~trontium again using a 40 cc 

Ge(Li) spectrometer. They observed 144 ganuna-ray lines with 

an average error of about 3 keV and measured the intensities 

of the strongest gamma-ray lines by normalizing their intensities 

3to the 5.82 and 7.53 MeV lines observed by Kinsey et al C G). 

The errors on their intensity measurements were quoted as of 

+the order of - 15%. A total of 25 ganuna-ray lines were assigned 

88to the sr decay scheme whereas three gamma-ray lines were 

87assigned to the sr decay scheme. The proposed level struc

88tui::es Qf-87 Sr and sr remained much the same as those proposed 

by Schmidt et al(GO). On the basis of the decay schemes the 

neutron separation energies were determined to be 8428.5 + 2.5 

87 88keV for sr and 11113.5 ± 1.5 keV for sr. The lists of the 

energies and intensities of the gamma-ray lines observed by 

the latter th~ee groups of researchers are tabulated in Table 

6-.2 for comparison with the results obtained in the present 

investigation. 

2-4 Other Reaction Data 

The neutron capture reaction cannot always be relied 

upon to determine the energies of the low-lying levels in a 

nucleus as these levels may not be populated by primary gamma
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ray transitions from the capture state. In fact the inter

pretation of the gamma-ray spectrum from thermal neutron 

capture often depends on knowing the_level positions in the 

final nucleus from other reactions proceeding to the same final 

states. Level energies can be determined from particle-

particle reactions, 

A + a ~ B + b + Q 

since a measure of the Q-value of the reaction together with 

the kinematics of the reaction will determine the level in 

the final nucleus. 

87The first two levels in sr have been determined 
87 (51) 

from the electron capture decay of 80 hour Y • Levels 

87 up to 3.65 MeV have been populated in sr by the (d,a) reaction 
89 (62) 

on Y • This reaction will populate predominantly neutron 

hole states. The (d,p) reaction, which is a very selective 

reaction in that it populates predominantly single particle neu

86tron states, has been performed on sr in order to study levels 
6387 < > 86

in Sr As Sr is an even-even nucleus, the (d,p) · 

reaction should populate good single particle _states. Levels up 

to 4.45 MeV have been observed and the £ values of most of these 

levels have been determined from the angular distributions of 

the out-going protons. Table 2-6 lists the levels in 87sr 

populated by the (d,p) and (d,a) reactions. 

87The (d,p) reaction has also been performed on Rb 

64 88recently( ) to obtain levels in Rb up to 2.8 MeV. The 
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levels populated by the (d,p) reaction and some t-values and 

spins of the low-lying states have been listed in Table 2-7 

for reference in the beta-decay work discussed in chapters 

5 and 7 of this thesis. 

By far the· most experimental work has been done on 

88the level structure of sr. Various inelastic scattering experi

ments have been performed to excite the collective states of 

the nucleus. The inelastic neutron s~attering experiment was 

. . . h f. . 87 dsuccess f u 1 on1y in exciting t e irst two states in Sr an 

88sr each< 6516~) so that this reaction did not add much new in

formation as far as level energies are concerned. McDaniels 

et al( 6?) first used the inelastic a-particle scattering re

action to excite the collective levels in the strontium ·l".sotopes. 

Later Alster et a1( 6 B) used 42 MeV alpha particles to excite 

88the first three levels in sr to test the validity of the weak 

coupling core-excitation model for this nucleus. The (a,a') 

reaction is a powerful tool for studying the low-lying col

lective levels since it is possible to get the . spin and parity 

assignments as well as the transition strengths. These strengths 

can be related to the electromagnetic transition rates from the 

shapes and magnitudes of the angular distributions. The O+, 

2+, 3- and 2+ states at energies 0.0, 1.84, 2.74 and 3.21 MeV 

r~spectively were excited. The values of the B(EL) transition 

strengths were measured to be 5, 6.2 and 0.4 times the single-

particle values for the 1.84, 2.74 and 3.21 MeV states respec
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Table 2-6 

in 87SrLow-Lying Levels 

i 	 (d,p) (d I a) Spin 

4 0 9/2+ 

1 389 360 1/2

1 876 850 3/2

2 . 1231 1220 5/2+ 

2 1779 1700 

0 2175 2100 

2390 

2 2681 2610 

2819 

2922 

0 2942 

3020 

0 3125 

2 3154 

2 3168 

2 3261 

2 3279 

3320 

2 3387 

3434 

(2) 	 3549 

(2) 	 3592 

3603 

(2) 	 3672 3650 

2 3780 

0 3885 

2 3960 

4013 

4081 

(O) 	 4187 

(2) 	 4199 
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Table 2-6 (continued) 

R, 	 {d,p) {d ,a) Spin 

4240 

4305 

4341 

4357 

4384 

4418 

4453 

Table 2-7 

88 87 88Rb Levels populated in Rb(d,p) Rb 

E 	 R, Spin
x 

0 	 2+0 2 

27 2 3 


196 2+0 1 


268 2 4 


362 2 


390 2 


413 2 


862 0 


1142 0 


1212 0 


1245 


1354 0 


1610 


1665 3? 


1794 0+2? 


1860 


1927 


1965 


2094 


2165 


2230 


2257 


2361 
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tively. These values are not as large as expected for good 

collective states. The inelastic scattering of deuterons on 

strontium was studied by Hamburger( 69 ) with 15 MeV deuterons. 

88States in sr up to 4.27 MeV were populated as summarized in 

Table 2-8. Stautberg et al(7 0) used the proton inelastic 

Table 2-8 

Summary of Inelastic Scattering Results on 
88 

sr 

(e,e') (p, p' ) (d Id I ) (a.,a.') 

E x 
J7T E x 

J7T E x 
J7T E x 

J7T 

0 o+ 0 o+ .0 o+ 

2+ 2+ 2+ 	 2+1.84 .1. 84 1.835 	 1.84 

-
2.74 	 3 2.74 3 2.74 3 2.74 3 

2+ 2+ 2+3.24 3~20 	 3.21 

3.52 

3.57 (2+) 

3.61 

4.0 (2+ ,4+) 4.05 (2+ ,4+) 4.02 

4.34 	 4.27 

4.56 

4.88 

6.5 (2+, 3-) 

7.75 

scattering and the (He 3 ,d) reaction to populate some callee

88 . d . 1 . 1 t . 	 4 88tive an sing e-partic e sta es in Sr up to . MeV. They 
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were able to determine the spins of some of the states as well, 

as shown in Table 2-8. Peterson et alC 7l) studied the structure 

88
of sr via the inelastic scattering of 65 and 70 MeV elec

trans. The purely electromagnetic interaction of the electrons 

with nuclei leads to -an interpretation which is simpler than 

for strongly .interacting particles. The inelastic electron 

scattering results give the multi-polarity, L, of a transition 

and the reduced electric radiation transition probability by 

use of a distorted wave analysis. The results found by Peterson 

et al( 7l) are summarized i~ Table 2-9 where G is the ratio of the 

transition probability to the single particle transition proba

bility. 

Table 2-9 

Electron Inelastic Scattering Results 

E (MeV) L G (W. U.) Spinx 


2+
1. 84 2 8.5 

2.74 3 25.0 3 

4.0 2 1.6 2+,4+ 

6.5 (2) 1.1 (2+' 3+) 

7.75 (3) 4.0 

Single particle configurations in nuclei can of course 

be excited by means of single-particle transfer reactions. One 

3such reaction which has been studied is the (d,He ) reaction on 
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89 88 88 87Y and sr to populate final states in sr and Rb res

3pectively <72> using 21 MeV deuterons. The (d,He ) reaction 

excites preferentially simple proton-hole configurations. The 

reaction can be described as a direct proton pick-up process 

so that spectroscopic information can be obtained from a DWBA 

88 87ysis. h 1 1 . d h b . areana1 . T e eve s excite in. t e Sr and R nuc1ei 

summarized i~ Table 2-10 along with the t-values and probable 

spin values of the states. These are exactly the states one 

Table 2-10 

3
Levels populated by {d ,He } 

E (MeV) Spin
x 

88Sr a+0 1 

2+1. 84 1,3 

2+3.21 1,3 

3.48 (1+} 1 

3.64 (3+) 3 

87Rb 0 3/2- 1 

.403 5/2- 3 

.847 (1/2-) 1 

would expect to excite according to simple shell model consi

88derations. Single particle configurations in sr have also 

been stu~ied via the (t,ci) reaction< 73 > populating states up 
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to 4. 8 MeV. 

The best studied single-particle reaction and the one 

most analogous to the (n,y) reaction, the (d,p) reaction has 

been investigated by Cosman and Slater< 74 
> in order to determine 

88the location of the neutron particle-hole states in sr built 

' 1 h 1 ' th N 50 The 87sr(d,p) 88sron a sing e g o e in e = core.912 
87 TIreaction transfers a single neutron to the Sr target with J 

3= 9/2+ in contrast to the (d,He ) reaction which strips off a 

single proton exciting proton-hole ·states. Using 7.5 MeV 

deuterons and a multi-gap spectrograph, 73 levels below 8.516 

MeV excitation were observed of which 32 displayed direct- · 

stripping angular distributions. The transferred angular 

momentum, .Q,n' and spectroscopic strengths (2J+l)S.Q, ,J/(2J +1)
0 

~ n 
were determined for those states which displayed a direct-

stripping distribution. Here J is the spin of the target and 
0 

J is the final state spin. · The J =9/2+ value of the target
0 

spin caused a resultant decrease in yield by a factor of 10. 

88It was found that the levels excited in sr consisted of one 

cluster of 1 =O ~tates and two clusters of 1 =2 states and 
n n 

that these clusters could readily be interpreted as resulting 

from coupling of a neutron hole to the s112 ,d5 andlg912 12 

states in sr. No 1n=3 transitions were observed whiled 3; 2 
89 

only two weak 1 =l transitions were observed indicating that 
n 

very few neutrons were transferred into the and lf5;22p312 

orbits. 
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Recently some two quasi-particle configurations have 
88 86 (? 5 )

been studied in Sr by means of the (t,p) reaction on Sr 

However only twelve levels have been reported so far as listed 

in Table 2-11 and these two quasi-particle levels are not ex

pected to be populated directly either in beta-decay or the 

neutron capture reaction. Table 2-11 also summarizes the 

results of the one-particle reactions leading to final states 

. 88in 8r. The (d,p) stripping strengths and i values are 
n 

listed for the first 24 levels only as the higher energy levels 

populated are not of much interest as far as comparison with 

levels populated in the (n,y) reaction is concerned. Table 2-8 

summarizes the results of inelastic scattering experiments on 

aa 8r. 

2-5 Fission Products 

The fission process, consisting of the splitting of 

a nucleus into two nuclei of lighter mass and two or three 

neutrons was first discovered by Hahn and Strassman(?G,??). 

The probability of a nuclide of mass A being formed in fission 

plotted as a function of A is referred to as the fission yield 

curve and as such was first studied by Anderson et al(? 8 ). A 

typical fi~sion yield curve is a doubly-peaked curve on a iemi-log 

plot with sharp peaks at mass numbers A~9o and A~l40 for the 

235' thermal fission of u. The positions of these peaks, es

pecially the one at the lower value of A, have a strong depen
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Table 2-11 

Sununarl of Single-Particle and . Two-Particle Reaction 

(d ,p) 

E x ,Q,n 

0 4 

1.839 2 

2.738 ns 

3.208 ns 

(3.590) (ns) 

4.035 2 

4.294 2 

4.408 2 

4.450 2 

4.464 (ns) 

4.514 2 

4.;.551 ? 

4.636 2 

4.748 2 

4.789 ? 

4.876 0 

4.920 ns 

5.101 2 

5.133 ? 

5.157 (ns) 

5.199 (ns) 

5.418 0 

5.463 0 
5.506 0 
5.665 (1) 

88Results on Sr 

3(d, He ) (t,a.) (t,p) 


2J+l . 
 J7T J1T J1TE E E(2J +l)S.Q.n J x x x0 ' 

o+ o+1.20 o+0 0 0 

' 0.126 
 2+ 2+1.84 1.836 

2.734 3 2.734 
2+ o+ o+3.21 3.156 3.152 

3.221 (2+) 3.221 (2+) 

3.48 (1+) 3.489 (1+) 

3.64 (3+) 3.636 (3+) 

0.279 4.030 (2+) 4.030 (2+) 

0.376 4.287 (2,4+) 4.292 ( 2 '4+) 
0.875 

0.083 

o+4.485 
1.08 

4.607 (+) 
0.564 

0.805 

4.768 4.712 

-4.837 (3 ) 

0.230 

1.04 

2+5.163 

0.105 

0.563 5.459 
0.027 
0.029 

3 
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dence on the mass of the fissile material. Mass number 235 

has been found to be suitable for producing good yields at 

product masses A=87 and A=88. For a given A the probability 

of producing a specific Z is given by, 

(Z-Z ) 
- p

2P(Z) = l e 2cr 
/27TC,.2 

where Zp is the n:iost probable charge for a given mass chain 

and cr the variance of the distribution is ~0.59 as measµred 

by Wah1< 79 >. It is evident from the fission yield curve that 

the most probable products . of fission are distributed around 

those with filled neutron shells of N=50 and N=82. However, 

initially the fission products are neutron rich and therefore 

undergo beta decay. 

The rare gases krypton and xenon are high yield fission 

products and because of these properties many attempts have 

been made in the past to collect and separate them. Gas 

sweeping techniques using either a carrier gas such as helium 

or the gas itself of which a radioactive sample is to be 

collected, have been performed. These techniques depend on 

using highly emanating components for the fissile material. 

The emanating power of a substance refers to the fraction of 

the - radioactive inert gas which escapes from the substance 

before radioactive decay occurs. Wahl and Bonner{SO) deter

mined the fractional cumulative yields of short-lived krypton 

isotopes by the use of highly emanating stearate compounds. 
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However Archer(Sl) found that uranium stearate although having 

a good emanating power, disintegrated quickly after a number of 

long irradiations with a loss in emanating power. He found 

that hydrous zirconium oxide had a high emanating power of 

95 ± 5%, was resistant to radiation damage in a high neutron 

flux of ~10 13 n/cm2/sec. and had a low cross-section for the 

neutron capture reaction. In fact the emanating power of 

hydrous zirconium oxide decreased ·with a half-life of 75 

megawatt-minutes irradiation compared to a half-life of less 

than 10 . megawatt-minutes for the uranium stearate. 

Gas chromatography using activated charcoal to separate 

the xenon and krypton ~as fractions was first used by Koch and 

Grandy( 82 ). They found that with a charcoal column at room 

temperature a good xenon-krypton separation could be effected 

in a matter of 10 to 20 minutes. The technique was improved 

by Ockenden and Tomlinson(S 3) who dispersed the charcoal as a 

fine powder on the surface of glass wool at room temperature. 

A xenon-krypton separation could then be obtained in 10 to 15 

seconds. Archer developed a low-temperature gas chromato

graphic separation technique for preparing xenon samples. Using 

the fact that the vapour pressure of xenon is 0.0004 mm Hg and 

that of krypton 2 mm Hg at liquid nitrogen temperatures (77°K), 

the separation of the krypton and xenon fractions was achieved 

in a clear empty length of glass tubing kept at 77°K. At this 

temperature, the krypton sample swept up by the helium carrier 
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gas does not freeze out in the glass separation columns and 

goes to exhaust while the xenon condenses on the walls of 

the separation columns. By warming up the columns after 

sweeping up the fission gases the xenon gas may be collected 

in a sample chamber. The details of the irradiation facility 

and of the gas-sweeping facility which was built in a location 

distant from the irradiation chamber are well documented in 

the literature(Bi,B 4 ). 
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EXPERIMENTAL INSTRUMENTATION AND FACILITIES 

3-1 Detector Response to Gamma Radiation 

Gamma radiation interacts with material in general by 

means of the thre~ basic processes, namely photoelectric, · 

Compton and pair production. The interaction cross-sections 

are energy dependent as well as being dependent on the atomic 

number (Z) of the material. · Gamma-rays are removed from a 

beam of initial intensity I according to the relation,
0 

-µx
I = I e , where I is the beam intensity after passing through

0 

an absorber thickness x and µ is the sum of the three absorp

tion coefficients, 

µ = µphoto + µCompton + µpair· 

The absorption coefficient for the photo-electric 
5 -b(85}

effect is proportional to Z E where E is the gamma-rayy y 

energy and b, which determines the energy dependence of absorp

tion, depends on the particular absorbing material (b ~ 2.0 

for germanium). Thus the photo-electric cross-section increases 

rapidly with the atomic number of the absorber but decreases 

quickly with photon energy. Consequently for a detector to 

be responsive to "full-energy" or photo-electric events, the 

61 




62 


material must have a high atomic number. 

In the Compton effect, the gamma-radiation undergoes 

elastic collision with an outer atomic electron which has a 

very small binding energy. The energy is shared between 

the scattered gamma-ray and the recoiling electron with the 

former having energy, 

E 
y 

E 
1+(1-cose)~ 

me 

where e is the angle of deflection of the gamma-ray 

m is the mass of the electron 

and c is the velocity of light 

and the recoiling electron having energy, Es=Ey-E~ . The 

recoil electron can have a maximum energy of 
22E 

(E f3) max = 2Y 
me +2Ey 

corresponding to a back-scattered gamma-ray. The compton absorp
. ......... 


tion coefficient is proportional to the electron density NZ 


and inve,rsely proportional to the gamma-ray energy, 


NZ 2 1 (BG) 

µCompton = l.2sxio- 25 .E [loge (2EY/mc ) + 2]/cm. 


y 

Since the Compton effect is of no consequence in gamma-ray 

energy determination when there is no angular selection, a 

material of high Z is required to minimize the detection of this 

· effect in a gamtna-ray detector. 

In pair production, the photon interacts -with the 
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nuclear field of an atom creating an electron-positron pair 

with total kinetic energy equal to the photon energy less the 

rest mass of the two particles. Hence for this effect to occur, 

the gamma-ray energy must be at least twice the rest mass -of 

an electron. The absorption coefficient depends linearly on 
2 2 J87)

the photon energy near the threshold, µpair ~ NZ (Ey-2mc ) 

but it depends logarithmically on the photon energy at higher 

energies, - · ~ NZ 2 log E . (B?)
µpair o y 

3-2 The Plastic Scintillator 

The plastic scintillator is an organic scintillation 

counter used primarily to measure the energy distribution of 

beta-rays. The dimensions of a plastic phosphor detector must 

be large compared to the range of the beta particles of interest 

but still small enough so that the efficiency for detection 

of gamma radiation is small. Plastic ' being a low Z material 

has a small cross-section for photo-electric events but is 

quite efficient for the production of Compton interactions. 

This latter interaction provides the basis for using the plastic 

scintillator to detect gamma-ray event times on account of the 

good timing characteristics of plastic. 

Electrons emitted in nuclear beta decay are detected 

through_ their interaction with other electrons. An energetic 

electron makes very many inelastic collisions, each resulting 

in the excitation of atomic electrons. In a certain fraction 
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of the cases enough energy is transferred to an electron to 

allow it to escape from the atom creating an electron-positive 

ion pair. The energy lost per ion pair product (~ 1000 eV for 

plastic) is independent of the energy of the incident electron 

so that the product of the energy lost and the number of ion 

pairs produced gives a method of determining the incident 

electron energy. Electrons also lose energy when accelerated in 

the Coulomb field of a nucleus through radiation bremstrahlung 

but these effects are negligible in a low Z material such as 

plastic.Gamma radiation is also detected through the creation 

of these electron-positive ion pairs which in turn dissipate 

energy by their conversion to light. The photons created are 

detected by a light sensitive ph9tocathode which is optically 

coupled to the scintillator. 

Luminescent emission in a phosphor is of two types, 

fluorescence which is a direct process and phosphorescence 

which is the delayed emission of radiation. Scintillators must 

have a short duration of phosphorescence to be useful as detec

tors. The scintillator must be transparent to its own luminis

cent radiation and the spectral distribution of the radiation 

.should match the frequency response curve of the multiplier 

photo-cathode. Plastic is transparent to its own fluorescent 

radiation and the decay time of plastic is about lo- 0 seconds. 

Of course the rise time of the output pulse is not only 
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dependent upon the decay of the phosphor but also upon the 

electron transit time of the photomultiplier. Nevertheless, 

the fast response of plastic makes this scintillator useful 

for generating time markers in coincidence experiments. The 

plastic scintillator has a very linear response to both gamma-

ray and beta~ray energies but the energy resolution is of the 

order of 12% and hence not very satisfactory for gamma-ray 

spectroscopy. 

3-3 The NaI(Tl)Counter 

The Nal(Tl) counter consists of an inorganic scintil

lator (Na!) which is a transparent material made efficient 

through the use of an "activator", thalium. The main advantage 

of this detector for use in gamma-ray spectroscopy is its 

very high photo-efficiency due to the high z-value of its 

iodine component. The cross-section for Compton events is 

···relatively small as is the cross-section for pair events wh;i..ch 

are only significant at energies above a few MeV. 

The rise time of the signal pulse is determined almost 

solely by the decay time of the Na! phosphor (.25x10- 6 sec.) 

and is much longer than that- for the plastic scintillator. The 

energy response of the NaI(Tl) counter is not as linear as 

that of plastic especially below 0.5 MeV where there is as much 

as 20% variation(SS) in linearity. However the line shapes 

for different gamma-ray energies have been well determined over 

the last years(Sg) for a fixed geometry so that gamma-ray 
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responses can readily be "stripped" from a spectrum when 

decomposition is undertaken. An improvement over plastic 

scintillators is realized by NaI(Tl) counters in the energy 

resolution obtainable which is genetally about 6-7%. The 

resolution obtained is dependent on many factors in the chain 

of events leading to the formation of the output voltage pulse 

which is nom~nally proportional to the input energy. Some 

parts of the phosphor may be less transparent than others 

causing variation ln collection efficiency. Also the fraction 

of light collected may vary depending on where the incident 

photon entered the phosphor. Variations in the photocathode 

sensitivity also contribute to deterioration of energy resolu

tion. 

3-4 Electronics for Scintillators 

A scintillator is optically coupled to a light-sensitive 

photocathode of a photomultiplier. Light causes the emission 

of photo-electrons which are accelerated through the·photo

tube and create secondary electrons at each of the stages 

in the photomultiplier. The secondary emission multiplication 

factor at each dynode increases with the energy of the inci

dent electrons so that the over-all gain of the photomultiplier 

varies very quickly with applied voltage. The final output 

. current pulse at the photomultiplier anode is proportional 

to the intensity of the l~ght impulse over a wide range of 

photomultiplier gain. The resultant current can be integrated 
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at the anode and then converted to a voltage pulse via a 

charge-sensitive preamplifier. A time constant, RC, a few 

times larger than the scintillator decay time constant, T, 

is used to integrate the photomultiplier current. This selec

tion is made in order to obtain the maximum pulse height pos

sible and thus the best possible resolution since there is 

a statistical variance associate~ with the pulse height which 

decreases as the size of the pulse increases. The RC time 

constant must be small enough to obtain narrow pulses yet 

large enough to prevent any decrease in the signal-to-noise 

ratio inherent at the photomultiplier anode. The signal-to

noise ratio can be maintained by appropriate choice of the 

photomultiplier voltage. The voltage must also be chosen to 

achieve the best dynamic range of the photomultiplier and 

prevent any saturation. 

Other factors must . be considered when using the scintil

lators and their associated electronics. The gain of the 

photomultiplier is dependent both on the ·counting rate and 

any external magnetic fields. Thus, analog gain stabilization 

may be required if counting is carried out over a long period 

of time or on a time-decaying source. Since one usually has 

a high counting rate when employing scintillators as gamma-ray 

detectors, a double-delay line amplifier(gQ) is frequently 

used to amplify the voltage pulses from the preamplifier. These 

amplifiers produce bipolar pulses which eliminate any base-line 



68 


shifts. It is impossible to eliminate this effect in an ampli

fier using mono-polar pulse-shaping. 

3-5 The Ge(Li) Detector 

The disadvantages of the scintillation counters have 

been virtually eliminated with the development of the solid 

state gamma-ray detectors in the last decade. Whereas the 

energy, £ 1 required to produce an electron-hole pair in the 

NaI scintillator is about 110 eV, it is only 2.8 ev for germanium 

and 3.5 eV for silicon. As a result more pairs are created 

per incident gamma-ray of energy E and the energy resolution 

which is proportionaltb l/lil (for a Fane factor of 1.0) where 

n is the number of pairs created, is much better for the solid 

state detectors. Germanium is preferable to silicon for gamma

ray spectroscopy because of its higher value of Z (hence 

greater efficiency for photo-electric events) and its lower 

value of t:. 

Basically Ge(Li) counters are fabricated by drifting 

donor atoms of lithium into a p-type piece of germanium. The 

lithium atoms compensate the acceptor impurities in the drifted 

region giving rise to a very high resistivity or intrinsic 

region in the p-type piece of germanium. The final detector 

then consists of an intrinsic region sandwiched between the 

original p-type germanium and the low resistivity n-type ger

manium which was formed by alloying lithium onto the germanium 
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By reverse biassing the resulting diode with a large enough 

field (about 1000 volts per cm.} the electron-hole pairs 

produced by the gamma-ray interactions in the intrinsic region 

can be collected. 

Ge(Li} detectors are generally fabricated in two 

different physical configurations - planar and coaxial. Planar 

detectors consist of an intrinsic region sandwiched between a 

parallel p-type and an n-type region. However these counters 

cannot be constructed with a very large active volume. This 

limitation arises from the fact that the drifting rate varies 

1 3 as t / and hence a thickness of 1 cm. which requires some 

months to achieve is a representative limiting case. Their poor 

detection efficiency is offset by their uniform collection times 

making the planar detector useful in experiments in which fast 

timing is important. 

Coaxial detectors are much easier to fabricate with 

a large sensitive volume than the planar configuration. .These 

counters consist of a central p-type material surrounded by 

a coaxial section of intrinsic material and then an outer annu

lus of n-type lithium-diffused material. In this laboratory 

a different version of the coaxial detector has been fabricated 

and used almost exclusively. This is the wrap-around configu

ration (9l} which consists of a p-type central region on one 

side surrounded by a central intrinsic region and an n-type 

lithium-diffused material 'on the other five sides. The coaxial 
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or wrap-around counter is much more efficient than the planar 

one due to its larger sensitive volume but is not as good for 

high resolution and fast timing applications. These limi

tations can be attributed to the nature of the electric field 

near the n-type region and to certain "dead" regions in the 

sensitive de~ector volume. 

Ge(LL) detectors are ope~ated at liquid nitrogen 

temperature in order to reduce bulk currents due to free elec

trons because of the small band gap in germanium. Both electrons · 

and holes are free to move and be collected by the applied 

electric field. The holes have a similar mobility to the elec

trons and hence only a slightly different drift velocity, 

Here, vh - drift velocity of holes 

V - applied.voltage 

d width of depletion region 

and µh - mobility of holes. 

The time before trapping or recombination is called the life

time of the carrier (T) and must be long enough to enable 

collection of the carriers. The number of charges produced by 

a gamma-ray of energy E is given by, 

Q = E/£. 

The number of charges trapped or recombined as a function of 
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time is then given by, 

-t/TN(t) = Q(l-e ). 

The fraction of charge trapped is directly proportional to 

. d f . . <92 )t h e wi t h o t he . . ,intrinsic region 

llQ d 
=Q I 

where A is the mean trapping length. 

As the lifetime of the carriers depends upon the purity 

of the material, very pure samples of germanium with a minimum 

of trapping and recombination centres are required. Fast and 

efficient collection of the electron-hole pairs is obtained 

both by the good quality of the intrinsic region and by the 

field strength applied. The voltage applied must be high enough 

so that complete charge collection is achieved. 

One of the limitations of the Ge(Li) counter is associa

ted with the size of the detector. The number of charges 

collected at any given time after a gamma-ray event is detected 
, 

has a spread related to the detector thickness as a result of 

the spatial distribution of the events< 93 >. There is a spread 

in pulse shape for different pulses of the same energy and 

amplitude since the ·!time of arrival of the charges at the detec

tor electrodes depends upon the position 	of the event in the 

1 ddetector. A minimum collection time of, 	- ·- , corresponds
2 . v 

to the production of the ~harge at the center of the intrinsic 

region. Assuming equal mobility of electrons and holes the 
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last pair would be collected in a time of d/v when the charge 

is produced at either electrode. This corresponds to a dif

ferential spread in time for the last pair to be collected of, 

• 1 d 
t - - = 50 nsec.• 2 v 

for a detector thickness of 1 cm and a drift velocity of 10 7 

cm/sec. The aver~ge collection time for all pairs produced 

by a ganuna event would then be approximately 75 nsec. 

The limitations placed on the Ge{Li) counter resolution 

include noise sources such as surface leakage currents, genera

tion-recombination noise and the statistical fluctuation in the 

number of ion pairs created by a gamma ray of energy E. This 

94latter limitation involves the Fano factor< ) which is the 

ratio of the variance to the yield. The yield is the number 

of electron-hole pairs produced by a ganuna ray and the variance 

o 2 is the m~an square variation in this _yield. The Fano factor 

then is given by the expression 

02 

F = E/e: • 

The incident energy of a ganuna ray is divided between ion-pair 

production and the competing process of energy loss through 

heating of the lattice crystal structure. Whereas the Fano 

factor for NaI is rather large {'V 1), for germanium it is about 

950.075< ) which corresponds to small statistical fluctuations in 

the yield and most of the .incident energy being dissipated in 

ion-pair pr~duction. The energy resolution obtained for a 
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ganuna ray of energy E is then given by, 

R = so = le:EF 

which varies as the square root of the product of the energy 

and the Fano factor. The full width at half-maximum (FWHM) is 

given by, 

FWHM = 2.35 R . 

The best possible.resolution obtainable then is 1;2 keV at 

1 MeV and 3.6 keV at 10 MeV. 

3-6 Electronics for Ge(Li) System 

In order to take advantage of the inherent good quali

ties of the Ge(Li) detector it has been necessary to make a 

considerable improvement in the available electronic equipment. 

The electronic system used for scintillation spectroscopy is 

not too critical since the resolution is poor and a simple 

adaptation for solid state devices is not possible. 

The Ge(Li) detector is operated at 77°K with a reverse 

bias of ~he order of 1000 to 2000 volts applied. The pulse 

resulting from a ganuna-ray interaction in the detector is 

essentially a current pulse proportional to the number of ion 

pairs produced in the intrinsic region of the detector. This 

signal is amplified via a current-sensitive preamplifier which 

is usually capacitively coupled to the detector. Figure 3-1 

depicts the block diagram of a preamplifier with the pulse shapes 

shown at various stages. 'Basically preamplifiers are designed 
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to provide good energy resolution and a fast speed of response 

as well as maintaining the good energy linearity inherent in 

the Ge(Li) detector itself. The charge sensitive preamplifier 

consists of an extremely high input impedance FET (field effect 

transistor) in the first stage followed by a high-gain opera

tion:al amplifier with capacitive feedback Cf' a passive element. 

The transfer function of this stage is essentially, 

where Cd is the detector input capacitance. Thus the output 

voltage is very insensitive to the detector capacitance varia

tions. It is important that low noise resistors be used in 

the first stages of the preamplifier in order to minimize noise 

contributions and thereby retain the inherent signal-to-noise 

ratio. 

At the input of the preamplifier the noise factor is 


proportional to capacitance. The detector's capacitance is 

, 

. 	 proportional to the sensitive area of the detector and inverse

ly proportional to the effective depletion depth so that it is 

entirely dependent on the detector dimensions and the applied 

voltage. The input capacitance can be minimized by connecting 

the first stage of the preamplifier directly to the counter since 

capacitive ac coupling usually causes higher noise. This is 

achieved using sapphire(g~) to isolate the detector electrically 

but connect it thermally to the cold finger in the detector 
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chamber. This configuration eliminates ground loops or stray 

pick-up of external electrical signals and has the additional . 

advantage that some cooling of the FET leads to a noise re

duction in the input stage of the preamplifier. The coupling 

capacitor and feed-through connectors are now ho longer sources 

of noise. 

The output of the high gain stage is frequently fed 

into a clipping stage which has pole-zero cancellation built-in 

with a 50 µsec time constant. Further voltage amplification 

may then be required before the preamplifier output is fed 

directly into the main amplifier. The output of the pre

amplifier is a "non-shaped" fast rise pulse with a long decay 

time constant of about 50 µsec, long enough so as not to 

interfere with pulse shaping in the main amplifier but short 

enough to reduce pulse-pile-up effects. At a reasonable coun

ting rate of say 10,000 counts per second each pulse rides on 

the tails of the preceding pulses but the energy information in 

the pul~es can still be obtained after pulse-shaping in the 

main amplifier. 

The resolution - of a preamplifier is stated in terms of 

x keV at zero input capacitance with a slope of y keV per pF of 

input capacitance. In designing a preamplifier system it is 

important to minimize the input capacitance as well as the slope 

y keV/pF of the preamplifier in order that the preamplifier 

be satisfactory for large'volume detectors as well as the smaller 
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detectors. The slope y can often be reduced by the proper 

choice of the input FET transistor. 

The purpose of the main amplifier is to provide pulse 

shaping of the preamplifier output pulses and to produce a 

low output impedance pulse of sufficient amplitude to be analyzed 

by an analog- to-digital converter (ADC). Pulse shaping is 

done to prevent overlap of the adjacent or sequential pulses_, 

and to enhance the signal-to-noise ratio by filtering out the 

noise sources in the detector and preamplifier which have a 

wide bandwidth compared to · the useful components of the signal. 

The pulse-shaping most often used for Ge(Li) detectors is a 

CR-RC network which consists of a high-pass differentiating 

filter to cut down on the low frequency components of the wave

form and a low-pass integrati~g filter to attenuate the high 

frequency components of the waveform. This bandpass filter 

removes both low and high frequency signal and noise components 

but enhances the signal-to-noise ratio. The best results 

are usually obtained for equal <97 ) CR and RC time constants,-r, 

in the range 0.5 to 2.0 µsec. An optimum value for the RC time 

constant must be chosen ' empirically for each detector-pre

amplifier configuration in order to compromise between signal

to-noise enhancement and pulse overlap prevention. A relatively 

long time constant may be adequate for low counting rate 

systems but a short time constant will be required for high count 

rates (greater than 10,00d per sec.) to minimize pulse overlap. 
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The pulse produced by a CR-RC shaping network is a mono-polar 

pulse with a small component of voltage lingering below 0 

volts after the crossover point for positive polarity pulses. 

This is depicted in figure 3-2. For high count rates subsequent 

pulses will ride on the tails of the preceding pulses producing 

an amplitude defect. To partially overcome this defect another 

differentiating stage is added as shown in Figure 3-2 to produce 

a doubly-differentiated bi-polar· pulse minimizing baseline 

shifts in the amplifier and decreasing the effective resolving 

time of the amplifier. 

The probability of getting pulse pile-up can be calcu

lated for a paralyzable system with resolving time p and an 

average counting rate of n per second. The probability of 

getting x counts within a time interval p is given by the Poisson 

distribution, 

= (i'.ip)x-1 -np
P (x) e

(x-1) ! 

Thus for a counting rate of lOjOOO per second and a resolving 

time of 2 µsec one would get a pulse pile-up probability of, 

00 

E P(x) - 0.02 .•x=2 

For _a higher daunting rate of 100,000 per second the probability 

of pulse pile-up increases to about 0.18 for a iesolving ·time of 

2 µsec and to about 0.10 for a resolving time of 1 µsec. Thus 

at high counting !ates it .becomes important to have pulse widths 
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as narrow as possible in order to distinguish between adjacent 

pulses. Often pulse-shape and baseline discrimination can be 

used to reject the pile-up pulses. 

Two additional improvements have been added in the 

last few years to maintain good resolution at high counting 

rates, namely pole zero cancellation and DC baseline restora

tion. Pole zero cancellation is achieved by adding a resistor 
. 

in parallel to the capacitors in all CR differentiation circuits 

in the preamplifier as well as the main amplifier as shown in 

Figure 3-2. This removes the unwanted undershoot due to multiple 

time constants inherent in the pulses produced by the CR-RC 

circuit. Since DC coupling is retained, complete pole zero 

cancellation is limited by the difficulties of stabilizing the 

DC output level of a DC-coupled amplifier. Baseline restora

tion removes any residual undershoots remaining at the ampli

f ier output by forcing the signal to return to the baseline 

immediately after each pulse. 

ft properly designed amplifier will not contribute 

significantly to any loss in ~he resolution or linearity of 

' 
the Ge(Li) counter and preamplifier system. 

3-7 Electronics for Time Correlation Studies 

In order to construct a nuclear decay scheme it is 

often necessary to look at the time correlation between the 

decay radiation. This can be done using a two-channel fast
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slow coincidence circuit( 9B) as shown in Figure 3-3. In order 

to obtain a time mark denoting the occurrence of a nuclear 

event one of two techniques is available: leading edge timing 

at or near the output of the detector or zero cross-over timing 

determined after the amplifier. In determining the time marker 

at the leading edge of the pulse a Schmitt trigger circuit set 

for a low discriminating voltage is used. Taking the output 

pulse immediately-after the detector avoids the noise contri

butions and bandwidth limitations of the preamplifier and 

amplifier. When using a Ge(Li) detector in a coincidence 

experiment the timing marker is obtained by amplifying the 

energy pulse at the output of the first stage of the amplifier 

before pulse shaping occurs. The timing information is obtained 

using the crossove~ method which requires a double-differentiated 

bipolar pulse obtained with a DD2 amplifier. When the pulse 

crosses the baseline the zero amplitude is detected by means 

99of a threshold trigger. FairsteiJ ) has shown that the 

crossover point is almost independent of the energy of the 

incident radiation. However each method of obtaining a time 

marker has two bas.ic uncertainties associated with it, namely 

"jitter" and "walk'' • Jitter is the uncertainty in the 

time mark caused by signal noise or the noise in the discrimina

tor circuit whereas walk which is the main cause of time variation 

is the variation in the time mark created by different signal 

amplitudes. Walk is less .of a problem with the crossover method 

than with leading edge timing so that the crossover method is 
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a more popular technique. 

Ge(Li) detectors characteristically have long collec

tion times (> 30 nsec.) and hence an appreciable amount of 

walk is inherent in leading edge timing as the walk is directly 

proportional to the rate of charge collection in a detector. 

The number of charges collected as a function of time is given 

by, 

N(t) = Q(l-e-t/T) 

where T is the collection time constant characteristic of the 

detector. If a Schmidt trigger is set up to sense a voltage 

proportional to an amount of charge Q', 

N(t) = Q' << Q 

then the corresponding time marker occurs at a time, 

Q' 
t = Q T. 

As the charge is directly proportional to the energy of the 

gamma ray producing the charge, the time marker will occur 

at a time inversely proportional to energy. Figure 3~4 

illustrates the walk over an energy range of 0 to 2.75 MeV ex

hibited by leading edge timing in a good wrap-around Ge(Li) 

detector. The ordinate in the figures is the average time 

between detection of a beta-ray emitted in the decay of 24 Na 

. by a fast plastic scintillator and detection of the gamma 

rays de-exciting the popu~ated states in 24Mg by the Ge(Li) 

counter. The l/E variation of leading edge timing is evident 



Fig. 3-4 	 Walk in Time Channel as a Function of Energy for 

Ge(Li) Detector:- The ragged curve is a plot of 

the centroid of the timing distribution peak in 

the time dimension as a function of energy. The 

smooth curve shown is a least squares fit to a 

hyperbolic function of energy and time. It is 

to be noted that the "walk" inherent in leading 

edge timing for Ge(Li) detectors can be quite 

significant. The spikes observed in the curve 

correspond to gamma-ray peak locations. 
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from the curve. 

A typical two-parameter experimental configuration is 

shown in Figure 3-3 where coincidence events are detected using 

a Ge(Li) detector in conjunction with a large NaI(Tl) counter. 

It has been common to use two NaI(Tl) counters on account of 

their high efficiency since the number of events detected in a 

coincidence experiment is very s~all. However the energy 

resolution of the NaI(Tl) counters is a limiting factor when the 

gamma-ray energy spacing is less than the resolving power of 

the NaI(Tl) counter. In order to use two Ge(Li) detectors, 

these would have to be very efficient (20-30 cc. active volume) 

and the singles counting rate in each detector should be fairly 

high to achieve a suitable coincidence counting rate. A com

promise can be arrived at by using a NaI(Tl) counter to obtain 

good efficiency in one dimension and a large volume Ge(Li) 

detector to obtain good energy resolution in the second dimen

sion. 

'Good time definition is obtained by using a DD2 ampli

fier in each dimension to create time markers of width T 

nanoseconds at the time of crossover of the bipolar pulses. 

These two square pulses of variable width T are fed into an 

AND circuit which generates a fast coincidence pulse of width 

2 µsec upon overlap of these two timing markers. The circuit 

is then said to have a coincidence resolving time of 2T nsec. 

Each time marker can be delayed with respect to the other and 

are set so that there is a maximum coincidence counting rate. 
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The slow coincidence part of the circuit consists of an energy 

selection on each parameter of the two-parameter experiment 

achieved by a low level discriminator (baseline) and a 

variable window width which are set to determine the energy 

range of the spectrum for each parameter. If the energy pulse 

satisfies the given energy conditions, a gating pulse is 

generated. ~Fovided that energy conditions are satisfied 

on both sides, a slow coincidence pulse is formed. If both 

the slow and fast coincidence pulses are formed a gate pulse 

is generated which enables · the two analog-to-digital converters 

and permits analysis and storage of the information in the two

dimensional array. The energy pulses at the input of the ADC's 

are delayed for ~ 1 µsec as the coincidence gate is not formed 

until the crossovers are detected which is about 1 µsec after 

the start of the energy pulses. 

The resolving time of the coincidence circuit is an 

important parameter which affects the quality of the data col

lected. , The coincidence circuit is efficient in the region 

wher~ the coincidence counting rate is independent of the 

relative time delay between the two time markers, i.e. in the . 

flat portion of the time resolution curve. Typical resolving 

times (width of resolution curve at half maximum) obtainable 

with an efficient coincidence circuit are of the order of 

2T = 60 nsec for a Ge(Li)-NaI(Tl) coincidence set-up. As 

the events from de-exciting nuclei are randomly distributed in 
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time, true coincidence events are not the only ones which 

have to be considered in a coi~cidence spectrum. There are 

also contributions from chance, sum and random summing coinci

dences although the latter two are not of too much consequence 

· in a Ge(Li)-NaI(Tl) coincidence experiment. Chance events 

occur when radiation is sensed by both detectors within the 

time interval 2L and yet the source is not common. The chance 

counting rate which is given by, 

N h ==2ln nbc . a 


is proportional to the square of the source intensity. Here 


na and nb are the singles counting rates in detectors a and b 


respectively. As the true coincidence counting rate is pro

portional to the source intensity the true-to-chance ratio is 


I ' 'then inversely proportional to the source intensity and the 


resolving time of the circuit. Thus the source strength must 


be kept within reasonable iimits to obtain a sufficiently high 


true-to-chance ratio to make the results meaningful. 


3-8 The Central Data Handling System 

The basic data handling system used to analyze the 

analog input voltages presented to the ADC's is the Nuclear Data 

Series 3300 Analyzer System. The system is capable of conver

ting the analog input and of storing and processing the resul

ting digital information. Figure 3-5 shows a block diagram 

of all the pertinent components in this system. 
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The analog voltages are accepted by the ADC's under 

control of the master processor module and the ADC program 

. . lk . (10 0 ) . h . hmodu 1e. Each ADC is a Wi inson type converter in w ic 

a capacitor is charged with the input voltage pulse. As soon 

as the top of the pulse has been sensed, the capacitor is 

discharged ·1inearly until the voltage reaches a certain threshold 

value. · The discharge time interval is determined by scaling 
. 

a gated 16 Mc/s clock. The number of clock pulses counted is 

the channel number to which the incoming event is assigned. 

During the analysis of each event the ADC will not accept 

any further events so that the system is said to be "dead" 

during this time. The percentage dead-time is a measure of the 

counting rate at the detector of the nuclear radiation under 

study but depends upon the analysis time of the converter. 

Each ADC has a resolution of 4096 so that when analyzing a 

typical singles spectrum with energies up to about 8 MeV the 

gain of the ADC ramp is about 2 keV per channel. This conver

sion gaip is adequate for high energy gamma-rays for which 

· the minimum obtainable line width with present Ge(Li) detector 

systems is about 6 keV FWHM. The ADC's are quite stable with 

respect to gain and zero parameters over a relatively long period 

of time but for long runs of more than one day in duration the 

gain and zero parameters may be held constant by means of 

digital spectrum stabilizers. 
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· The analyzer system memory consists of 16,384 words of 

18 bits each permitting the storage of 262,143 events per 

memory location. This permits the acquisition of four singles 

spectra of 4096 channels each or a symmetric two parameter 

configuration of 128 by 128 channels. To handle a two-

dimensional experi~ent requiring a larger memory size, a 

buffer memory is provided permitting the addresses of events 

to be stored and then written on magnetic tape periodically 

as the memory buffer fills. Sorting of this encoded information 

can be done by the use of the digital band selector or the 

region of interest module in conjunction with the sort/scan 

module provided the array size is not too many times larger 

than the memory size. Thus for a 512 by 128 two-dimensional 

experiment the encoded data can be sorted in four passes of 

the tape. For larger two-dimensional arrays it is more feasible 

to use the off-line computers available. The IBM-7040 computer 

has 20K of 36-bit words available for data storage. Breaking 

up each )6-bit word into four 9-bit words allows the storage 

of an 80K two-dimensional array compared to 16K in the analyzer 

memory. The CDC-6400 computer has 48K of 60-bit words available 

for data stora~e. Breaking up each one of these 60-bit words 

into six 10-bit words then allows the storage of about 300K 

members of a two-dimensional array which is almost twenty times 

larger than the analyzer memory size available. 

The data gathered 'in the system memory may be output 



86 


in various ways as illustrated in Figure 3-5. Analog output 

is provided in the form of an oscilloscope display or a spec

trum plot. Digital output is provided in the form of magnetic 

tape output or a typed copy of the spectrum in memory. 

3-9 Neutron Irradiation Facilities 

The basic irradiation facility used for thermal neutron 

capture studies was the through tube facility(lOl) in the 

McMaster nuclear reactor. This facility consists of a vertical 

aluminum tube passing through the reactor core and in which 

graphite is placed in order to scatter neutrons from the core. 

The aluminum tube is lined with lead- and paraffin-filled 

collimators in order to define a 3/4 11 neutron beam and remove 

scattered gamma ray and neutron backgrounds. Loss of neutrons 

from the collimated beam was minimized by evacuation of the 

entire system. A flux of about 10 7 neutrons/cm 2 /sec. is 

obtained at the sample position at the top of the evacuated tube. 

This was found to be adequate fo~ both single and double para

meter studies. The sample is usually held in a 3 mm. thick 

6annular column of LiF to utilize the large (n,a) cross section 

of 6Li. This is done both to provide protection for the Ge(Li) 

counters which deteriorate quickly under neutron irradiation 

and to minimize any thermal neutron capture in the materials 

surrounding the counter. 
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A second neutron beam facility was also available for 

thermal neutron capture gamma ray studies. This was a horizontal 

beam tube on the beam port floor of the McMaster nuclear reactor. 

This beam port consists of an aluminum tube extending up to 

the reactor core thus allowing a complete spectrum of neutrons 

produced in the fission reaction to travel up the tube. Ganuna

ray background from the reactor core is minimized by placing a 

foot long plug of "bismuth directly between the reactor core and 

the beam tube. Quartz plugs are used to attenuate the high 

energy neutron beam. The proper length of aligned quartz 

plugs attenuates all high energy neutrons and allows thermal 

neutrons to get through with essentially no attenuation. Col

limation of the beam and the use of these quartz crystal plugs 

also have the effect of reducing the gamma-ray background. 

When the neutron beam is not in use, all thermal neutrons are 

easily stopped by means of · a l" thick boron .plug. 

3-10 . Gas Sweeping Facility for Production of Rare Gas 
Fission Products 

The rare gase~ krypton and xenon are high-yield fission 

p~qducts which can be easily produced in the thermal neutron 

fission of 235u. The irradiation apparatus and the techniques 

forobtaining gaseous fission products have been described in 

detail by Archer(Sl,S 4 ). The fission chamber used contained 

235uranyl .nitrate (94% u enriched) dissolved in the efficient 

emanating material, hydrous zirconium oxide crystals. During 
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an irradiation the fission chamber is lowered down from its 

normal position of about 6 feet above the reactor core to 

a position beside the core in a flux of ~10 13 neutrons/cm2/sec 

for a certain period of time. After raising the chamber back 

to its normal position the sample is allowed to cool for a 

long enough time to permit short-lived isotopes to decay. The 

gaseous fission products are then swept from the fission chamber 

to the chromatographic separator using a helium carrier gas 

as illustrated in Figure 3-6. Krypton, being the lighter gas, 

emerges first followed by the much heavier xenon gas. The kryp

ton gas, having a lower condensation point than xenon, passes 

through the first two stages shown in Figure 3-6 as these two 

stages are kept at 77°K (liquid .nitrogen temperature). The 

xenon fraction has a low enough vapour pressure at this tempera

ture to be .condensed on the walls of the glass U-tubes of the 

first two stages of the separation apparatus. Krypton passes 

through into the first sample holder which is a small glass 

U-tube f~lled with glass wool and activated charcoal. The krypton 

is-- adsorbed onto this charcoal at liquid nitrogen temperatures. 

To prepare relatively pure samples of the krypton or 

rubidium isotope of interest it is necessary to consider the 

other isotope~ produced as well as their precursors. The iso

baric beta decay chains of interest are listed in Table 3-1. 
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Table 3-1 

Krypton Beta Decay Chains 

91Br short . 91Kr 10 s> 91Rb 72 s 91Sr 9 :1 h 9ly') )> 
90Br ·. ,i-.• 6 s) 90Kr 33 s> 90Rb 2. 9 m) 90Sr 28 y 

) 
90y 

·4. 5 s 3.2 m 15 m 
89Br 89Kr 89Rb 89Sr> > > 
88.. 16 s 2.8 1> 88Rb 18 m88Kr 88SrBr > ~ 

55. _s > ·s 7Kr 78 ffij · . 87Rb 4. 7xlO 1 0 9 87
Sr87Br 

85Br 3 m 85Kr 4.4 h:). 85Rb> 

87An enhanced source of Kr was produced by the following pro

' cedure: an irradiation time of 2 minutes (~ 2 half-lives of 

87Br), a cooling down time of 1 minute (~ 4 half-lives of 88Br), 

88sweeping of the Kr gas produced to exhaust and then waiting 

for 3 more minutes (~ 3 half-lives of 87Br) before sweeping the 

87 85Kr gas sample to the first sample holder. The isotope Kr 

appears as an undesirable contaminant but it has only two 

known gamma-decay lines of energy 150 keV and 305 keV which 

.88 
ar~ easily identified. To produce an enhanced source of Kr, 

an irradiation time of 15 seconds (~ 1 half-life of 88Br and 

87 . 
- · 

f 
~ 1I 4 half-life of Br) was used. A. ter a cooling time of 

30 second s (~ 2. h a lf- 1 ives. o f 88 Br and~·~. 1/2 half-· li'fe of 87Br) 

88the Kr gas sample was swept into the cold activated charcoal 

89 89sample holder. Kr and its daughter product Rb were major 

contaminants in such a sample but their effects could be removed 
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by allowing the sample to decay for 15 minutes (~ 5 half-lives 

88of 89 Kr). The remaining Kr gas was then transferred to the 

second sample holder (at 77°K) by heating the first sample 

holder and sweeping with the helium carrier gas. The unwanted 

89 Rb solid decay product was left behind in the first sample. 

holder. The 18 minute 88Rb activity could in turn be obtained 

88by allowing the 88Kr to decay for about two half-lives of Rb 

and then warming ~p the second sample holder and sweeping with 

1 . . . h . . b d .the he ium carrier gas 1eaving t e 88 Rb activity e h'in in the 

second sample holder. In obtaining samples as clean as possible 

without xenon contamination the first and second separation 

stages were periodically flamed to remove any contaminants 

adsorbed to the glass walls. 

The samples produced as described above were adequate 

for: c· si.ngl~ . parameter· .gamma-ray spectroscopy using a Ge (Li) 

detector. . However the need for thin sources for beta-ray 

studies necessitated a -diffeient source preparation procedure. 

88.h . . b h' tT e 88 Rb activity. was ob tained y flus ing Kr gas in. o a 

small brass chamber 2.5" in diameter and 2" in length and electro

statically collecting the 88 Rb on a .001" thick, 1/2" diameter 

brass disc held at -200 volts potential. Collection was con

tinued until the activity was adequate for the beta-singles runs 

or the beta-gamma coincidence runs. In obtaining beta singles 

and beta-gamma coincidence results for the two krypton isotopes 

it was important to remove the rubidium daughter products as 
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quickly as they are produced. This was done using a travelling 

charged wire counting chamber as described by Archer(Sl}. 

The krypton gas sample was initially flushed into the charged 

wire counting chamber which consisted of a cylinder made of 

.001" brass sheet 2-1/2" long and 1/2" in diameter. A window 

cut in the side of the chamber towards the beta-counter was 

covered with gold-coated mylar. Rubidium decay products were 

then removed by means of a .030" tinned copper wire which was 

,moved continuously through the centre of the chamber and 

charged at -200 volts. This method of removing decay products 

was ~ 75% efficient. 



CHAPTER 4 

DATA ANALYSIS 

4-1 Ge(Li) Spectrometer Response 

The gamma radiation characteristic of an isotope 

undergoing radioactive decay or thermal neutron capture is 

initially investigated by collecting a gamma-ray singles 

spectrum. The information which can be obtained from the 

singles spectrum is a set of energies and intensities of the 

gamma rays emitted by this nuclide. To obtain the maximum 

quantity and quality of data possible, a good resolution Ge(Li) 

detector is used in conjunction with a linear preamplifier, 

amplifier and ADC system. The pertinent information can be 

obtained from the raw data only by a good understanding of 

the response of a Ge (Li) de'.tector to a gamma-ray of energy 

E. 

The measu~ed spectrum M{x) is a convolution of the 

true spectrum which can be considered to be an assemblage of 

delta functions,a., and the response function R(x,y.),
1 1 

M(x) = E R(x,y.)a .. 
i 1 1 

Here the response function R(x,y.) can be considered to be 
1 

92 
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the convolution of a Gaussian and the complete spectral form 

arising from the interaction of a gamma ray of energy y.,
l. 

R(x;yi) = f G(x,x') L(x',yi)dx' • 

The problem with which one is confronted then is to unfold the 

(102)measured spectrum to obtain the true spectrum of delta 

functions. Only a- complete understanding of the salient fea

tures of the function L(x,y) permits one to correctly inter

pret the complex measured spectra. 

The nature of the function L(x,y) is determined by the 

energy and hence interaction mechanisms of prominence, the 

detecting material and the detection mechanism, and the geometry 

and volume of the detector. Whereas a high Z material such 

as NaI(Tl) favours photoelectric an~ pair production events, 

a medium Z material such as germanium enhances Compton events 

as well. The inefficiency of scintillation counters (~ 100 

eV/photon) results in much poorer resolution than that obtained 

with solid state detectors (~3 eV/carrier). The dimensions and 

configuration of the detecting material considerably affect 

the nature of the line shape. Large active volumes enhance 

full energy deposition since multiple interactions can occur. 

Geometry and volume are important as the collection of all 

energy present requires the stopping of the electron within the 

active volume. 
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Figure 4-~ illustrates the form of L(x,y) for a Ge(Li) 

counter for a single gamma ray having an energy of ~ 3 MeV. 

In part (a) of the figure, the photo-peak, Compton distribution 

and the back-scatter peak are depicted. Part (b) of the figure 

shows the double escape peak, the single escape peak, the full 

energy peak and all of the associated Compton distributions. A 

511 keV spectrum arises from interactions in the source. The full 

energy peak results because of the finite probability of detec

ting the e - -e + pair and the two associated annihilation gamma 

rays simultaneously. Figure 4-l(c) shows the form of the 

complete line shape L(x,y). Coincident summing events are quite 

negligible in a Ge(Li) spectrum(l0 3 ) • 

The photo peak and double escape peaks being the pre

dominant response peaks are the most useful ones for determining 

a set of energies and intensities for a spectrum. However for 

relatively intense gamma rays all three main peaks, namely the 

double escape, single escape and photo-peaks can be useful for 

energy calibration purposes as their common energy difference 

2is m c . 
0 

In order to obtain the energy of a gamma ray line one 

must determine accurately the channel positions of the response 

peaks. The position of a peak depends on many variables which 

cannot always be controlled by the experimenter. Normally it 

is expected that the single escape and double escape peaks 
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should have a good Gaussian response shape. However for a 

large volume counter in which the collection properties are 

poor there is a large contribution of events near zero energy 

both for low energy gamma rays and for the 511 keV gamma rays. 

Hence when the response of a pair event (single escape or 

double escape) is convolved with the response of one or two 

511 keV gamma rays there is a resultant shift in the single 

escape and double escape. peak positions to higher channel 

numbers and hence apparently high energies. Thus there is no 

longer a 511 keV difference .between the double escape and 

single escape peaks or between the single escape and photo-

peaks. In extreme cases, it has been found that a direct 

comparison between photo-peak and double escape peak energies 

may lead to systematic errors of the order of 1 keV(l0 4 ). 

Fortunately this effect is negligible for counters with good 

collection properties such as small volume wrap-around· and 

planar counters. Poor collection properties in a counter also 

manifest themselves in the skewness of a peak, usually to 

the low energy side. This effect may be the result of opera

tion of a counter at insufficient voltage or as a result of 

the lifetime of the carriers being too short so that all 

electron-hole pairs created are not collected before being 

trapped or recombined. On the other hand if too much voltage 

is applied to a detector the peaks will tend to have poorer 
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resolution as the leakage current of the detector and con

nectors will increase creating more electronic noise. Thus 

it is imperative to determine the optimum operating voltage 

empirically for each Ge(Li) detector. High count rates will 

also tend to deteriorate the resolution but this can usually 

be compensated for by proper pole zero cancellatio~ and DC 

restoration of the amplifier output. It has been shown 
(105) .

recently that the geometry of the source and counter 

can have a measurable effect on peak position. This effect 

depends on the fact that photo-electrons are accelerated or 

decelerated by the application of an electric field depending 

on the polarity of the field. The resultant shift in photo-peak 

position depending on geometry is another source of error 

when comparing double escape peak and photo-peak. positions. 

Photo-peak energy shifts of as much as 0.4 keV(lOS) have 

been measured due to this effect. 

4-2 Energy Calibration of Ge(Li) Spectrometer 

The precision of energy estimates is determined by 

one's ability to obtain the centroid of spectral peaks. The 

simplest technique for determination of the peak centroid 

is through visual observation. Generally one can determine 

the posit~on of a peak to within a factor of about two of the 

statistical error associated with fitting the peak shape to 

a Gaussian peak. One can also calculate the centroid of a 
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peak by means of the first moment after correction for back

ground interference. However this technique is only reliable 

if the peak is not skewed. The non-linear least squares Gaussian 

fit to a peak provides one of the most reliable and accurate 

methods of finding the peak centroid. Here the peak is fitted 

to a channel-integrated Gaussian peak, with three unknown 

parameters, 

A - peak area 

a - sigma of peak position 

and x - peak position
0 

riding on a linear background with two unknown parameters a and 

b, 

i+~ (x-x ) 2 
i+~ .. · .. o 

(ax+b)dx.
A exp 2a 2 dx +y. = 

l. 
/ .2Tro 2 

i-~ i-~ 

Here y. is the number of counts in qhannel i. The uncertainty
l. . 

in the peak position, x , is then a/IA . More sophisticated
0 

attempts have been made such as the use of a skewed Gaussian 

model to take account of any asynunetry in the peak shape. How

ever it has been found that the use of extra parameters is 

usually not warranted since there are too many systematic errors 

which obscure any noticeable . improvements in precision gained 

by this technique. Another method for peak fitting has recently 
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beeh proposed(l0 6 ) involving fitting of the peak and the linear 

background to a series of Hermite polynomials, 

i+~ 

Yi = J (ax+b+d6H + c 1H1+c 2H2 )ax.
0 

i-~ 

The Hermite polynomials are functions of the parameters A, o 

These unknown parameters can be calculated from a 

first estimate of these parameters using the fact that the 

polynomials are _ orthogon~l. Provided that the initial guesses 

at the unknown parameters are realistic, a convergent solution 

can be arrived at in one iteration. This compares with up to 

ten jterations required to reach a convergent solution for the 

non-linear least squares Gaussian fit. In this thesis the 

"centre of gravity 11 and the visual methods were used in most 

cases and found to give very little error. In some cases a 

non-linear least squares Ga~ssian fit was employed. However 

it has been found that although one may be able to determine 

a peak position with good precision the peak position may still 

have systematic errors associated with it which are larger than 

the errors inherent in using any of the techniques outlined 

above. 

Having determined the peak positions one must now determine 

the transformation from channel position to absolute energies. 

Ideally this transformation is linear but in practice it 

never is. The linearity of response of a Ge(Li) detector~ 
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preamplifier and amplifier system is usually very good, the 

differential linearity being less than .01%. However the ADC 

is frequently the most non-linear component of the total sys-

tern. The linearity of a system is often measured using an 

accurate and calibrated sliding pulser. The pulser must have 

a non-linearity much less than that of the system to be measured. 

This technique has the disadvantage that the set of calibrated 

peaks in the spectrum must be accumulated one at a time. 

Thus if the gain of the system varies slightly as a function of 

temperature and time, some peak positions may be shifted some

what independent of the linearity of the system. A method has 

been developed in this laboratory(lO?} for measuring the non

linearity of an ADC, which is independent of the linearity of 

the pulser and independent of any instabilities in the system. 

The technique consists of triggering a pulser at a set of n 

voltage steps in which each step is greater than the previous 

one by a nominally equal voltage increment. This set of trig

gering voltages is applied many times for an interval of about 

one quarter of a second during which counts are accumulat~d in 

a series of n peaks. Then a zero offset is applied to the ADC 

automatically and the pulser repeats the sequence for the same 

time interval so that during this period counts are accumulated 

in a series of n peaks which are nominally bV v~lts distant 

from the previous series. The variation of bV versus channel 

number then provides a measure of the non-linearity of the system. 
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This technique was accurate enough to measure the differen

tial linearity to a precision of one part in five thousand. 

Systematic deviations in the differential linearity were easily 

recognized in this manner so that the form of the transfor~ 

mation of peak position to energy could be determined accurately 

K . . 
as a function of channel number. For most 4 ADC's it was 

found that the differential linearity could be approximated quite 

dEwell for the upper' 3500 channels by the form, dI = b + 2cI 


so that the energy was given by 


2
E = a + bl + cr


where I is the channel position of the peak and a, b and c are 


the parameters to be determined. 


In the energy range below 3 MeV it is possible to use the 

1 "mixed source" technique to determine the parameters a, b and 

c and hence the energies of the unknown lines. Using this 

method the spectra of certain standards and of the unknown 

source are accumulated concurrentiy. Then using the strong peaks 

of the standards as energy calibration points, the parameters 

a, b and c are determined by linear least squares fitting tech

niques and hence the energies of the lines of the source being 

determined can be calculated from the resulting transformation. 

Energies of the stronger gamma rays have been determined with 

errors of less than a tenth of a keV below 3 MeV using this 

technique. The energies of the gamma-ray standards used in 

this work are listed in Table 4-1. 

}J\cMAS i'E.t< U1"IVEiiSl I y LloKt\rt..t. 
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TABLE 4-1 


Calibration Gamma-Ray Energies, · 0-3 MeV 


Isotope Energy Error Reference 
(keV) (keV) 

152Eu 108 

152Eu 

121.79 0.03 

244.64 0.08 109 

203Hg 279.16 0.02 110 

152Eu 3"44.34 0.23 109 

Annihilation 511.006 0.002 111 

137Cs 661.595 0.076 112 

208Tl 583.139 0.023 113 


54Mn 
 834.84 0.07 114 


56Fe 
 846.8 0.6 115 


88y 
 898.01 0.07 114 


65Zn 
 1115.51 0.07 114 

. 60
Co 1173.226 0.040 113 


22Na 
 1274.50 0.07 114 


41A 
 1293.76 0.14 116 


60Co' 
 1332.483 0.046 113 


24Na 
 1368.526 0.044 113 


28Al 
 1778.70 0.17 116 


88y 
 1836.08 0.07 114 

H(n,y)D 2223.28 0.15 117 

208Tl 0.102614.47 113 
. 24 

Na 2753.92 0.12 113 
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Above 3 MeV gamma-ray energies are not known with the 

same precision as those listed in Table 4-1. Thus in order 

to calibrate the spectrum above 3 MeV it becomes necessary to 

extrapolate beyond the known standard gamma-ray energies. 

However it is possible to use the fact that the double- and 

single-escape peaks, and the single escape peak and photo-

peak of the gamma-ray response function are separated by 511 

keV to determine the slope of the energy versus channel curves 

in the high energy region. In neutron capture gamma-ray spectra 

the identification of a cascade and an associated crossover 

transition can yield an accurate energy difference provided that 

one of the cascade members has an energy below 3 MeV and hence 

can be calibrated against accurate standards .. The 28 si(n,y} 29 si 

reaction provides an excellent means of det~rmining energies 

29in the region above 3 MeV since the capture state of si de

cays by a few very strong two and three step cascades. The 

strong silicon gamma rays below 3 MeV were calibrated using the 

energy standards listed in Table 4-1. The 3.54 MeV line was 

calibrated by measuring the energy of its double escape peak 

with respect to the photo-peaks of the 2754 keV gamma ray emit

24ted in the beta decay of Na and the 2614 keV gamma ray emit

208Tl.ted in the beta decay of A regression analysis was 

used to determine the value for the high energy gamma-ray 

transitions. For this analysis an initial estimate of the Q-

value was used so that all the gamma-ray energies could be 
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placed on an energy basis. The best estimate for the value of 

a high-energy gamma ray is then given by, 

E. = E. + o 
J J 

where E. is the energy deduced from the initial Q-value . The 
J 

parameter 8 is the correction to the initial estimate and its 

value is determined from the regression analysis. The model 

equation used was, 
. . 2 

E. =a+ bl. +cl. + S(l.)
J J J J 

where S(l.) is a step function defined as,
J 


S(l.) = 0 

J 


S(I.) = o 

J 

and IM is the channel number .corresponding to the highest ener

gy ganuna ray which was calibrated against a standard. The resi

2duals squares, R , was computed for all ganuna rays involved in 

cascades from the capture state for each initial estimate of Q 

in steps of 0.1 keV. The residual squared is related to 

. (118)
Q b y t h e equation , 

R2 - R 2 = (Q-Q )2/Co · o mm 

where Q is the least-squares estimat~ of the separation energy
0 

and Crom the variance in Q • This relationship between R2 and Q
0 

is depicted in figure 4-2. From the parameters a value of 

Q = 8473.8 ± 0.87 keV was determined taking the recoil energies _ 

of the transitions into consideration. The energies of the 

strong transitions observed as obtained using the above value for 

0 
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TABLE 4-2 

28S. (n,y ) 29 . C . a l 'brat.ion E .i Si i nergies 

Energy (keV) Error (keV) 

8471.8 1.0 

7199.8 1.0 

6380.9 1.0 

5108.3 1.0 

4933.9 1.0 

3539.0 0.5 

2092.0 0.5 

1273.0 0.5 

the neutron separation energy are listed in Table 4-2. These 

silicon gamma-ray energies were then used as calibration stan

dards over the .whole spectral energy range from 1 to 8.5 MeV. 

4-3 Intensity Calibration of Ge(Li) Spectrometer 

In order to obtain either the relative or absolute 

transition probabilities or intensities of the gamma rays emit

ted by a nucleus it is necessary to calibrate each Ge(Li) spec

trometer used for its detection efficiency as a function of 

energy. The intensities, I., are related to the measured areas,
1 . 

A. (k), of the response peaks by the relationship,
i 

A. (k) = £ (E,k) I. 
i i 

where e:(E,k) represents the detector efficiency as a function 

of energy and the parameter k refers to the type of response 
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peak, double escape or photo-peak, as these are the predominant 

response peaks in any spectrum. The efficiency curves were ob

tained using well-known standards whose decay modes are known. 

Table 4-3 lists all the intensity standards used to determine 

the energy dependence of the efficiency curves. Part {a) of 

the table lists the set of calibrated gamma ray sources . from 

the International Atomic Energy Agency used to calibrate the 

photo-peak efficiency below about 1.8 MeV. Among the other 

sources used as listed in Part {b) 152Eu emits some intense 

gamma rays over the energy range 122 keV to 1408 keV and thus 

provides another useful calibration standard in the low energy 

. h 24 . d . fregion. T e Na source provi es a convenient means o ex

tending the photo-peak efficiency curve to 2.75 MeV. The three 

gamma rays of energy 1836, 2614 and 2754 keV provide a method 

of relating the low energy portion of the double escape peak 

efficiency curve to the photo-peak efficiency curve as the areas 

of the double escape and photo-peaks are of the same order of 

magnitude in this energy range. The gamma-ray corresponding 

to the deuteron binding energy is another one that can be used 

to relate the two curves. Above 3 MeV the double escape peak 

is the predominant response peak. The gamma rays associated 

with the neutron capture reaction are sufficiently intense and 

numerous that they may provide some suitable calibration stan
. {10 4) 

d d s . the range bove 3M V. The 28 si· {n,y) 29 si·ar in energy a e 

124 )
32 33 <

and the ~n,y) S reactions are ideal for this purpose 
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TABLE 4-3 

Intensity Standards used for calibrating Ge (Li) 
Detector Efficiency 

(a) Set of Calibrated Gamma Sources (IAEA) 

Source 	 Activity Half-life Energy Gamma-rays Reference 
(µC) as (keV) per Disin
of Jan.l/ tegration 
68 (%) 

.57Co 10.75 271.6 ±o.5d 121.97 85.3 ±i.5 119 

136.33 11.2 ±1.2 

203Hg +2lc68 46.57 ±o.03d 279.15 81.55-0.15 120 

+22Na 11.07 	 2.602-0.05y 511.006 179.7 ±o.8 31 

1274.52 99.9 ±0.02 

137Cs +10.27 30.6 -0.4y 661.595 85.9 ±o.9 120 

54Mn 11.01 312.7 ±o.3d 834.75 100.00 121 

60Co +10.75 	 5.264-0.005y 1173.24 99.87±0.012 122 

1332.48 100.00 

88y +9.77 107.4 ±o.aa 511.006 0.50-0.02 123 

897.95 93.5 ±0.1 

1836.10 99.5 ±0.1 

+2734.05 	 0.56-0.03 

(b) Other Sources Used 

Source 	 Energy Relative number of gamma Reference 
(keV) rays per disintegration 

Na(l5 hr.) 	1368.53 · 100.0 31 


2753.92 100.0 


2614.47 100.0 


{continued next page) 

24

31 
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' 107 


Source 

152 . 
Eu (12yr.) 

Energy 
(keV) 

1408.0 

1113.0 

Relative number of gamma 
rays per disintegration 

22.0 

14.0 

Reference 

31 

1087.0 12.0 

965.0 15.0 

869.0 4.1 

779.0 14.0 

444.2 4.0 

411.2 2.2 

344.4 27.0 

244.7 8.0 

121.79 24.5 

(c) Neutron Capture Gamma-Ray Standards 

Reaction Energy Relative Reference 
(keV) Intensity 

1H(n,y) 2H 2223.28 100.0 117 

28 5 . < > 29 8 . + 
i n,y i 84 71. 8 2.7-0.2 104 

+7199.8 10.0-1.0 

+6380.9 14.5-1.0 
+ . 

5108.3 4.5-0.4 

+4933.9 61.0-3.0 

+3539.0 64.0-3.0 

+2092.0 20.0-2.0 

(continued next Page) 
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Reaction Energy Relative Reference 
(keV) Intensity 

+32s(n,y)338 8646 . 2.5-0.5 124 

+7804 4.1-0.6 

+5586 1.7-0.0 

5425 61.0 

+5051 3.5-0.5 

+.4874 12.8-1.0 

+4640 1.4-0.3 

+4432 5.0-0.4 

+3726 3.4-0.3 · 

+3370 5.5-0.6 

+3221 23.5-1.6 

+2931 16.0-1.1 

+2753 4.5-0.5 

+2379 43.9-3.3 

+842 69.5-5.3 
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since they each have simple well-known decay schemes and 

very strong gamma rays in the region 3 to 8.6 MeV as well 

as some strong low energy gamma rays which can be used to 

relate the two ·efficiency curves. The form of the efficiency 

curves is shown in Figure 4-3 on a log-log plot. It was 

found that the curves were very well fitted by the following 

analytical expressions, 

-n 

E(E,pp) = a E o 


0 
n 

E(E,de) = a exp(-b [in(c /E)] 1 ) E < c1 1 1 1 

It should be noted that, 

E(E,se) =constant x E(E,de) 

since the .probability of detection of a single escape event 

is the product of the probability of detection of a double 

escape event and the probability of detection of a 511 keV 

gamma ray, the latter probability being a constant for a 

given counter. 

4-4 Singles Spectra Collection and Reduction 

The procedure used to collect a singles spectrum and to 

enable easy interpretation of the data varied with the length 

of run desired and the stability of the system. For short runs 

of an hour or two the system was usually stable enough to allow 
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uninterrupted collection of the .data without the use of any 

spectrum stabilization. In collecting a long run there are 

frequently drifts in the gain and zero of the system corres

ponding to a shift in a peak position of as many as 3 or 4 

channels. This i~ intolerable if the width of the peak is of 

this order. One solution is to use . the digital spectrum stabi

lizers but this was rarely done as these tend to contribute to 

the deterioration of the peak resolution obtainable. Instead 

long runs were collected in 80-minute successive intervals 

during which there is no appreciable gain or zero change. 

After each 80 minute interv~l the data collected were automatical

ly dumped onto magnetic tape, · the 4K section of memory cleared 

and the collection of another 80-minute run was iriitiate'CL 

This process was cycled for up to three days at a time. The 

result was n 80-minute dumps stored on magnetic tape. The 

procedure used to collect '. all of the data into one spectrum 

was to shift the last n-1 dumps so that they all had the same 

zero and gain settings as the first dump. The zero and gain 

parameters were determined for each dump by fitting a straight 

line through the peak positions of two prominent peaks in the 

spectrum, one at the low-energy end and the other at the high

energy end. The spectrum contained in each dump was then 

shifted so that each had the same zero and gain parameters 

as those of the first dump. Having shifted all the dumps 

properly, the individual spectra were then collected into one 
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single spectrum which could then be analyzed. 

Before analysis of a spectrum it was sometimes desi

rable to make further adjustments to the spectrum. One adjust

ment often made was to smooth the spectrum in order to bring 

any isolated high or low points back into a smoothly varying 

· function. This involves replacing the contents of each channel 

by weighted fractions of the contents of itself and a few 

adjacent channels·. The usual smoothing function applied was 

of triangular shape taking a quarter of the contents of "the 

two adjacent channels and one-half of the contents of the 

channel of interest and putting the results back in the channel 

of interest, i, 

c. 
l. 

This smoothing does not interfere with the resolution of the 

peaks as their widths are of the order of four or five channels. 

Peaks appear much more prominent after smoothing has been ap

plied to a spectrum with poor statistics. 

After smoothing a spectrum it is sometimes convenient 

to subtract off all background contributions such as Compton 

distributions and tails of peaks in order to have a resultant 

spectrum consisting ideally only of peaks. This was done by 

calculating a background function over successive intervals 

of width ~ which are more than four times wider than the energy 

resolution in the interval ~. A polynomial was fitted through 
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the lowest channel contents in four successive intervals. The 

part of the polynomial function between the middle two inter

vals was used as a background function in that energy region. 

Stepping along one interval of width 6 the procedure was re

peated to obtain a background function in the adjacent 

region·. The resultant background function was a smoothly 

varying curve with no discontinuities. The background was then 

subtracted from the original spectrum leaving a clean spectrum 

of peaks only. This facilitates spectrum analysis considerably 

as f~r as determining peak positions and areas for the purpose 

of obtaining gamma-ray energies and intensities. 

4-5 _Two Parameter Data Analysis 

The distribution of coincident events as determined by 

a pair of counters forms a two-dimensional matrix array, one 

dimension associated with counter A and the other associated 

with counter B. All coincidence experiments performed in this 

work used a Ge(Li) detector for counter A and a NaI(Tl) 

detector for counter B. A Ge(Li) counter was used in conjunction 

with a NaI(Tl) counter in order to take advantage of the good 

energy resolution of the Ge(Li) counter in the one dimension 

and the high efficiency of the NaI(Tl) counter in the other 

dimension. The use of two NaI(Tl) counters would have resulted 

in insufficient resolution for the gamma-ray spectra being studied 

whereas the use of two Ge(Li) counters would have resulted in 

insufficient counts in the two dimensional array. Using a Ge(Li) 
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spectrometer in conjunction with a NaI(Tl) spectrometer pro

vided a compromise but presented a problem in data storage. 

Array sizes up to 16K could be accumulated in the analyzer 

memory in real time, i.e. as the events were recorded. This 

array size was sufficient for low energy coincidence experiments 

requir~ng only 128 channels in each dimension or 64 channels 

in one dimension and 256 channels in the other dimension. How

ever to cover a bigger energy range more channels were required 

in each dimension. It was then necessary to use address recor

ding and sort the events e~ther in the computer or on the 

analyzer at a later time as discussed in section 3-8. 

As discussed in section 4-1, the measured singles spec

trum in each dimension is related to the true spectrum by the 

relationships, 

I I I I 

M(E ) RA(E ,E )S(E )dEx = x x x x 

I 
I I I 

·and M(E ) = RB(E ,E )S(E )dEy y y y y 

in the x and y dimensions respectively. In an analogous fashion 

the two-dimensional array can be represented by, 

I I t I I I 

M(E ,E ) = RA(E ,E )RB(E ,E )S(E ,E )dE dE . x .y · x x y . y x y x yI 

In terms of a channel basis the equation can be rewritten as, 

n n x y 
M(E ,E ) = E E Q ..A. (E ) B . (E )

x y l.J 1. x J yi=l j=l 
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where A. (E ) = RA (E , E. )
1 x x 1 . 

B . (E ) = RB (E , E . ) 
J y y J 

and n and n are the number of channels utilized in the x x y 

and y dimensions respectively. The purpose of the coincidence 

experiments then is to determine the coincidence quotients, 

Q..• This is difficult to do empirically unless the detector
1J 

response is known over a wide energy range for both detectors 

A and B. The line shapes for the NaI(Tl) detector have been 

well determined(Bl) but the line shapes for the Ge(Li) detector 

have been more difficult to determine as they are very sensitive 

to geometry effects and counter characteristics. Also the 

large matrix size involved makes regression analysis difficult 

on all but the largest computers. Therefore one must usually 

be content with detecting only whether a certain coincidence 

relationship does or does not exist. This information can still 

be very useful in determining the decay modes of a nucleus. 

The absolute values of the coincident quotients are usually not 

necessary. 

The usual technique of examining t h e coincidence re

lationships is to examine the spectrum in dimension x in coinci

dence with a fixed gamma-ray energy E in t he y-dimension. The y 

spectrum for a given E is defined by,y 
n 

x 
S . (E ) = }: Q. . A. (E ) • 

J y i=l . lJ l x 
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Similarly the spectrum for a given E is defined by,x 
n y 

a. (E ) = i: Q. . B. (E ) • 
1 x l.J J yj=l 

This distribution is referred to as the spectrum in coinci

dence with gamma rays of energy E in channel number i. The x 

measured coin~idence response surface can be rewritten in terms 

of these distributions, a. (E) and S. (E ) as, 
J_ x J y 

n n x y 

M (E ,E ) = i: a. (E ) A. (E ) = i: S . (E ) B . (E ) • 
x y J_ x J_ x J y J yi=l j=l 

In the coincidence experiments performed in this thesis, most 

of the useful information was obtained by examining the spectra 

in the Ge(Li) dimension. The diagonal elements of this matrix 

are a measure of the chance contributions to the coincidence 

events. 

4-6 Beta-Ray Spectral Analysis 

The response of a plastic scintillator is very linear 

for beta rays over the energy range studied in this thesis. 

In order to put energy on an absolute basis the beta spectra 

90Y, 90Sr, 106Rh, 83Cl and 9ly(l25)Of were used as calibration 

sources. To determine the end-point energies of unknown beta-

ray groups it is necessary to determine the channel intercept 

of the beta spectrum. However some effects must be taken into 

consideration in order to estimate the end-point energy accurate

ly. One effect which will tend to extend the end-point of a 
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beta spectrum is that of beta gamma coincidence summing. 

This can be minimized by using a thin plastic detector. Ran

dom beta-beta summing will also extend the epd-point of a 

beta spectrum. This can be reduced by using a weaker source 

since the effect is proportional to the square of the beta 

counting rate as beta-ray transitions are not correlated. A 

third effect which will extend the beta end-point energy is 

the Gaussian resoiution function which is convolved into the 

true beta-ray spectrum. This effect can be removed by the 

unfolding process as discussed below. 

The response of a plastic counter to a beta-particle 

of energy E is given by,
0 

R(E,Eo) = J L(E,E')G(E',Eo)dE' 

where k + o(E-E ) 
L(E,E ) = 0 0 E E~ 0 k E +l 0 

0 0 

= 0 E > E 
0 

and ) 2(E-E1 0G(E,E ) = exp [ - ] . 
0 

I 2TIO 
2 2o 

0 

2 

0 

Here the parameter k is independent of E according to Freedman 
0 0 

et. al. <126 >. The true spectrum for a beta transition of end

point energy W is given by,
0 

S(E) :::: ·c E(W -E) 2F(Z,E)S (W ,E)
p o n o 

where the symbols are defined in section 1-1. The Fermi plot 

of, 
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I S(E) = (W -E)FS pE 0 
n 

versus energy results in a straight line with intercept on the 

energy axis at W . However corrections can be made for the 
0 

resolution function. Using matrix designation of the various 


1
measured and response vectors, an initial estimate s can be 

made of the true spectrum. Then a second estimate can be 

·obtained by means of the following iteration, 

s 2 = s1 + M-Rs1 

where M is the measured spectrum and R is the response matrix. 

When many iterations are used to remove the Gaussian response 

the statistical deviations increase rapidly with each iteration. 

Methods have been developed by Slavinskas et.al~ 127 ) to obtain 

an estimate of the true spectrum after only one iteration. The 

full response matrix is written as the product of a triangular 

matrix representing the tail part of the response and a Gaussian 

matrix, 

R = LG. 

The triangular matrix can be inverted in closed form. Then 

multiplying the measured spectrum by the inverse triangular 

matrix due to the tail, the Fermi plot of the spectrum is nearly 

1
linear and one has a good initial estimate for s . Then with 

one iteration to correct for ~he Gaussian response, one can 

obtain a very good estimate of the true spectrum and hence end

point energy. 
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To analyze a complex beta-ray spectrum, a stripping 

procedure was used in which the highest energy component was 

subtracted off first as only one beta-group contributes to 

the higher energy portion of the spectrum. In doing a complex 

analysis it was often helpful to have estimates of the end

point energies and of the intensities of each beta-ray component, 

since after the subtraction of each successively lower energy 

component the analysis became more nebulous. It was especially 

difficult to strip off low energy and low intensity components 

or two components with nearly equal end-point energies. It was 

usually only possible to obtain the shape of the first few 

high energy components as the shape factors are obscured for 

the low energy components~ 

In order to analyze a complex beta spectrum it was often 

easier to perform a beta-gamma coincidence gating experiment 

on particular gamma rays which are in coincidence with one or 

maybe two beta-ray components. This made the beta stripping 

analysis much simpler and more accurate. 

Corrections can be made for random summing contribu

tions at high count rates by recording the beta spectrum as a 

function of time. By plotting the number of counts per channel 

as a function of time it is possible to calculate the random 

summing contributions since the random count rate decreases 

twice as fast as the true singles rate as the random count rate 

is proportional to the square of the singles count rate. 
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Corrections for gamma-ray background can be made for each run 

by repeating the run with an aluminum absorber to stop all beta 

rays. 

The log ft values of the beta transitions are important 

in determining the spins and parities of the levels populated 

in the final nucleus. In this thesis log ft values were de

. d . (12 8)t ermine using a nomogram • The log ft value for a beta 

transition of energy E, total half-life t, and percentage of 

decay occurring in the mode under consideration p, is given 

by, 

log(ft) = log(f t) + log(C) - log(p/100)
0 

where log(f t) is determined from the nomogram and log(C) is 
0 

determined from a graph( 128 ). The correction term log(C) is 

a function of atomic number Z and beta end-point energy, E. 

4-7 Decay Scheme Construction Through Use of Computer Program 

Fitting together a decay scheme can pose quite a chore 

when the number of gamma rays is large and not very many decay 

chains are known. Ideally coincidence and intensity relation

ships should be · adequate to fit together a de~ay scheme but 

when these are not available one must rely completely on energy 

relationships. The scope of the problem can be realized when 

one considers that n gamma rays can be combined in n(n-1)/2 

possible two-step cascades and in general can be combined in 

n (n-1). ~. (n-x+l) possible x-step cascades. When only Nal(Tl)
x! 
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spectra were available one could possibly have to consider 

up to 40 ganuna-ray transitions in a decay scheme, but with 

the res?lving power of the Ge(Li) spectrometer it has become 

conunon to deal with a few hundred transitions. Thus the 

number of combinations can become quite large and only the use 

of a fast large memory computer can provide the computational 

ability to calculate and examine all of the possible combina

tions. 

It is necessary here to distinguish between three 

basically different decay scheme problems with which one may 

" -be confronted. The first type 0£ problem involves a nucleus 

in which no levels are known and the decay scheme must be 

constructed from scratch. This is analogous to the problem 

in atomic spectroscopy which was solved using the Ritz com

·bination principle involving conunon differences. Hamermesh 

129et. al. < > attempted to use a variant of this technique 


198
to construct a decay scheme for the low-lying levels of Au 

using the energies of the low~energygamma rays from the 

thermal neutron capture reaction on 197Au as measured by a 

bent-crystal spectrometer. A "most probable" level scheme 
198 . 

for Au was generated containing 25 levels without the 

constraints provided by high-energy_ gamma rays from the cap

ture state. However later work by Johnson ·et.al. (l 30) on 

th~ high energy gamma rays of 
198

Au proved the "probable" 
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decay scheme completely erroneous. The reason for this 

erroneous fit was no doubt that Hamermesh ·et.-al. had no 

known levels to start with. Thus if the first few levels 

generated by the program were incorrect all further levels 

would also be erroneous. Sumbaev et.al. (l 3l) used a tech

nique similar to Hamermesh et.al. <129 >, for the low lying 

104levels of Rh, but employed common sums as well as common 

differences. The use of common sums tends to reduce errors. 

Fortunately a few levels were known and a decay scheme con

sisting of 38 of the 193 low-energy gamma rays measured by 

a bent-crystal spectrometer were fit into a consistent decay 

scheme with a good probability of being correct. 

The second type of decay scheme construction problem 

which can be distinguished is that involving the decay of the 

.capture state of ~ nucleus to the bound levels in a nucleus 

which are known from another reaction such as the analogous 

(d,p)" reaction. In this case one considers only the possible 

decay chains de-exciting the capture state which populate 

known levels. Normally there are many ambiguous chains to 

consider and ~t is -~seful to have a computer to keep track 

of all the possible chains and remove - all the cascades which 

. (132)
do not fit between the energy levels. Johnson wrote a 

computer program to construct a decay scheme given all -the 

energy levels and gamma-ray energies of a neutron capture 
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. ganuna-ray spectrum. This program tested all ene~gy and 

coincidence relationships and formed a unique core of transi

tion assignments. The remaining number of ambiguous chains 

were reduced by selecting the chains using the following order 

of criteria, 

(l} most coincidence relationships per chain 

(2} least n~mber of ganuna rays per chain 

and (3) the chain with the most intensity. 

Having moved this chain to the core transitions, the remaining 

number of ambiguous chains could be reduced accordingly. The 

final decay scheme was the one achieved when no ambiguous 

decay chains remained. 

The type of decay scheme construction. problem en

countered in this thesis is of the thi~d type in which there 

are some known levels but not enough to account for all of the 

gamma rays observed. A program DCYSCH was developed to fit 

gamma-ray transitions to the known excited levels of a nucleus 

for a thermal neutron capture reaction specifically. A s~cond 

program COMB was developed to deduce other level energies based on 

combinations of gamma rays and known levels in the nucleus. 

A similar program to COMB was successfully used by Helmer and 

Backlin(l33 
> to deduce new levels in 149Pm populated in the 

149beta decay of Nd. The programs DCYSCH and COMB were de

veloped specifically for neutron capture decay scheme con
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struction but can easily be modified for beta-decay schemes. 

Flow charts for these programs are included in Appendix A. 

The problem then is to construct a consistent decay 

scheme given a set of gamma-ray transition energies, 

. {T. } , i = 1,n 
1. 

with an associated set of errors, 

. { LiT ~ } . , i = 1,n 
l. 

and intensities, 

· {r.}, i · = l,n
1. 

and a set of known energy levels, 

. {L . } , j = 1, 2 
J 

and their associated set of errors, 

{!J.L . } , j = 1 , 2 • 
J 

The gamma r ·ays also have associated with them a set of 

coincidence relationships, 

· {C.k} , i = l,n),k = i+l,n
' l. 

defined such that Cik is non-zero only if gamma ray Ti has 

been detected in coincidence with gamma ray Tk. These 

coincidence relationships provide valuable constraints on the 

possible gamma-ray assignments in the decay scheme. However 

it is often difficult or impossible to obtain the non-zero 

elements of · {Cik} especially for the weaker . gamma rays as 

counting statistics improve as the square root of counting 



124 


time. Therefore it becomes necessary to rely on the ene~gies 

and intensities of the_ gamma rays. The intensities are usually 

difficult to measure with great accuracy and the possibility 

of missing weak or unresolved transitions makes intensity 

balance across a level only a rough indication of the correct

ness of transition assignments. Hence one is forced to rely 

almost entire~y on gamma-ray energy relationships. These 

relationships are limited entirely by the measurement errors 

· {~T.}. For instance the number of chance crossover transi
i 

tions of the type, 

increases as the measurement error. The number of such 

crossover conditions was calculated by computer for the 168 

gamma rays listed in Table 6-2 and a randomized set of 168 

gamma rays as well as a function of the parameter a in the 

error expression, 

Here a is the number of standard deviations within which 

the energy difference, 

Tk - (T. + T.)
i J 

is permitted to close. The number of chance cross-over 

transitions can also be determined by calculating the frad

tion of the energy range covered by the errors. The number 

is then given by, 
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jmax 
i 2a.N. E tiT. 'k max .l.. j=·i+1· .. l..J 

N = L. ~~--=~----~~~~] 
c i=l (T - 2 T.}

n i 

where N. is the number of ganuna rays in the energy range
l.. 

T. + T.+l < T < T
i i - - n 

and 
l 

2tiT .. k = (ti.T~ + tiT ~ + !1Tk} ~ 
l..J l.. J 

The sum over j is for all T. satisfying,
J 

2T. < T. + T. < T 
i i J- n 

and the sum over i is for all T. satisfying,
l.. 

T. + T.+l < T .
1 1 - n 

The above formula for N is valid for any distribution of c 

garruna rays and thus no a ·priori distribution need be assumed 

in order to calculate the number of chance crossovers. The 

results of the calculation of the number of crossovers by 

the three different methods as a function of the parameter a 

are summarized in Table 4-4. It is seen that the number of 

chance crossovers calculated for a random set of 168 gamma 

rays and by the formula for N agree quite well for corres
c 

ponding values of a. The number of cross-over transitions 

calculated for the real set of garruna rays is almost the same 

as the number for a random set of gamma rays and thus it is 

impossible to fit together a decay scheme using only infor

mation from crossovers in th~ case of 87sr(n,y) 88sr. For a 
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Table 4-4 

Number of 	Crossovers for 168 Gamma Rays 
Listed in Table 6-2 

ct 	 Real Set Random Set N 
c 

0.25 	 193 192 	 195 

0.5 	 411 401 	 391 

l.O 	 787 784 	 783 

2.0 	 1585 1590 	 1566 

4.0 	 3191 3142 	 3132 

value of ct = 0.5 the number of crossovers generated by the 

real set is slightly greater than for the random set indi

eating that most of the real fits are included for this value 

of a.. 
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BETA DECAY RESULTS 

5-1 Singles Spectra of the Gamma Radiation 

The gamma-ray energies and intensities for each of 

the isotopes under study were obtained from a detailed 

analysis of a series of singles spectra collected using 

various Ge{Li) counters. The particular counter used to 

obtain most of the results listed in this chapter was a 5 cc. 

active volume Ge{Li) detector capable of achieving an energy 

resolution of 6 keV at 2 MeV gamma-ray energy. The output 

pulses from the detector were fed into a Tennelec FET pre

amplifier and TC200 amplifier system and thence analyzed using 

a ND3300 analyzer system with a 4K ramp ADC. Efficiency 

curves for this detector were obtained using the intensity 

standards listed in Table 4-3. The energies of the gamma

ray lines were determined using the mixed source technique. 

The energy versus channel relationship was obtained using 

the energy standards listed in Table 4-1. Of course there 

88are also the built-in energy standards of the two Rb 

beta decay lines at energies 898.0±.1 and 1836.1±.1 keV 

88corresponding to the Y positron decay line calibration 


standards{ll4). 
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5-1.1 Singles Spectrum of 87Kr 

The 87 Kr singles spectrum shown in Fig. 5.1 was 

87collected over a period of 10 hours. A new Kr source was 

prepared every two hours. The individual spectra obtained 

in a two hour period were stored on magnetic tape and then 

corrected for zero and gain shifts and added up on the 

McMaster 70~0 computer facility. All of the lines belonging 

to 87Kr are labelled with their respective energy values. 

The stronger lines from the decay of 88Kr and 88Rb are 

labelled as such as are the lines of some of the other 

. . 135 138 138 89main contaminants such as Xe, Xe, Cs and Rb. It 

was found to be almost impossible to remove all of the 88Kr 

and 88Rb isotopes without obtaining only a weak sample of 

87 h . d . t . . f hKr. T e gamma-ray energies an in ensities o t e 

135x (31} 138x (81} 138c (81} d 89Rb(l34} 1 .e , e , s an ines are 

well-known so that they pose no great problem in interpre

ting the spectrum. The 85Kr contaminant is also quite 

prominent but its decay scheme is very simple. The removal 

of the 89 Rb contamination is possible as outlined in section · 

3-10 but it was not removed for the sake of maintaining a 

fairly high count rate. 

The 87Kr lines are easily identified by their 

relative intensities in different runs with sources con

taining various amounts of contaminants. The energy and 



87
Figure 5-l(a,b) Kr ganuna-ray singles run. Lines 

are identified by their energy E, as: E"- double-· 

escape peak, E' - single-escape peak, and E

photopeak. 
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intensity measurements obtained have been verified using 

slightly different source preparation techniques and various 

Ge(Li) counters. The list of gamma-ray energies and inten

sities in Table 5-1 are average values obtained from a few 

different runs. The dominant line in the spectrum is the 

403 keV gaml!la-ray. The 836 and 1175 keV lines form closely 

spaced doublets with some 88Kr lines of similar energies. 

87 .
Th e Kr gamma-ray spectrum has a closely-spaced doublet 

itself at 2556 keV and 2559 keV. This doublet has not been 

split in the spectrum illustrated in Fig. 5-1 although a 

broadening of the peak with respect to the 2392 keV peak 

88in Kr is evident. The doublet, however, has been split 

using a better resolution Ge(Li) detector than the one used 

to obtain the spectrum shown in Fig. 5-1. From this run it 

was estimated that the energy separation was of the order 

of 3 keV and that the lower energy component comprised ~ 

60% of the intensity of the peak. This intensity ratio was 

verified in the coincidence run discussed under section 5-2.1. 

. 88 88
5-1.2 Singles Spectra -of Kr and Rb 

88 88A singles spectrum of Kr and Rb was obtained with 

the rubidium daughter in "transient" equilibrium with the 

88 . . h 88K d d" tparen t Kr activity. T e r atoms ecay accor ing o 

-).Krt 
NKr(t} = NKr(o) e 
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TABLE 5-1 

Gamma-Ray Energies and Intensities of 87Kr Lines 

Ey (keV} Iy CI403=lOO} 1abs (%.) * 
403.0(0.5) 100 59.7(3.0) 

674.3(0.5} 3.4 . 2. 0 (0. 2 l 

836.0(0.5) 1.2 0. 7 (O • 1) 

845.8(0.5) 13.8 8.2(0.4) 

111s. 5 CL o) 2.2 1.3(0.1) 

1338.0(1 .. 0) 1.0 0.6(0.1) 

1384.0(1.0) 1.0 0. 6 {O .1) 

1741.0 (1.0) 3.4 . 2.0(0.2) 

2012.0(1.0) 4.9 2.9 (0.3) 

2556.0(2.0) "' 16.0 9.5(0.5) 

2559.0(2.0) 8.5 5.1(0.3)"' 
2811.2(3.0) 0.5 0.3(0.05) 

3309.8(2.0) 1.1 0.6(0.1) 

. *Calculated using decay scheme in F~gure 5-17. 

http:0.3(0.05


131 


whereas the 88Rb atoms decay according to, 

-A t -A t 
· Kr · Rb )(e -e 

Here NKr(o) is the number of 88Kr atoms at time zero and the 

88disintegration constant for Kr, AKr is much smaller than 

88that for Rb, ARb. After a time of about 5 or 6 half-lives 

of 88Rb the 88Rb .decays effectively with the same time con

ts tan as ht e tparen . . t activi y, 88Kr. The 88Kr and 88Rb 

singles spectrum shown in Figure 5-2 was obtained by coun

ting after the rubidium daughter was in equilibrium with 

the parent activity. In this case the individual spectra 

were obtained in five hour running periods during which each 

spectrum was stabilized against gain and zero shifts using 

a ND spectrum stabilizer. The individual runs collected 

over a period of two days were then added together in the 

ND3300 system memory. Again there is some xenon and cesium 

87. . b 1 . 1 i · 1 . hcontamination ut re ative y itt e Kr present in t e 

spectrum. The high resolution run permitted the splitting 

of the closely spaced 2030 and 2035 keV peaks as well as the 

separation of the weak lines at 1183 and 1518 keV from their 

strong neighbouring peaks. The 1518 keV line has not 

definitely been established in the 88Kr decay scheme, how

ever. The doublet at 2112 and 2119 keV cannot be observed 

in this run because of the poor efficiency of the counter in 

the 2 MeV region for both photo-electric and pair production 



120 4<?3(Kr87) 

rl 

I . 
85\. 3~5 CKr > ! 

. '· 1 · \. ii 
\ ii ·I36.2'\.~ r. !i I 

60 
. ;. n

'°"..., t I 901 . 

'\...,.: l 
3 

, i l 
5 " /~ 1250 (Xe 

13 

) .... :. 4i'2 511 ·\ fl\/
• •,..._ ,, h \ h 1 

C 

85il96 n -· ...,,.•_,,,. ·.......... ·-.......... ·-........._150 Kr ;tl 11 ..., .. ...._•., 

/\ 

6 

' . I'' ' " 
,,....-.,....., ~\ }\ I\ '-·~--- -

•••,..... 

..,,_.,.. I " 
:..~ ,:'. '· Ii . . '· ;., ,.,... ,-~,., ·-....,,.,,,.... '1~,~-.• ,,..._._..,.,.,_,,,_,,.>·-··'~"°' -..,........, ,_ '"•~•:•--...,.~,....~....- ....·,•Mr' '••• 

... I I. . 
.I 
835 ~8 8!t' /.\il 

1836" i'i
I i · I•\ .. fI7i: • 

I '846(Kr • 
1..~.,.,_)\~:

• 
~·....YE....:

J\
\~~~-....... 


I 
rt) 

0 !· J". ! \ .'-~N,.,.V·- "<'•''"•••" 
)( 

Cl) 
1
z 
:> 2392• 
<.,) 
0 

35 FIGURE 5-2 a.\r 

.1r 

.1 

I2196' 25!i ' 

·1· 15?07'(Kr
87

l .1· 1 .. 1836 . " H' ,\i) n2030" Ii · t ; \ I!2 .I I " 
• 5• • I • j I 1 l • 1 

29,3 I i 22,32 • • 15'6 I ; I ·1 
r · ' 1250 1 \ -,., • _,.,.,._ • ' 


0 r-f\ I 1..!.< .. "" 

.,. 

15 

(keV) 

987 / \ 1142 I \1183}' ' ,, • •1383 I ~ 2678 • ! \ 2392'
~--
'\ -~· \ ·~:2119' A 'I .........!1.,,.,,,...., "'.. ! ·•.., .::.. . .. ·"'.:'·.":,.i:· \ ,'\, 2196 ; :, l'... . ... .,,,._.,......:\""..... 
~ ...,, •._. ""'' ~. ... •• •• • • ., ... "'"'' • \. •• • ~ • • ~ -.......... • 


""""''"'•"" "'""' · .., ...,_,,.., "' """ ....,.._.. -.,,..... "'~............,.w....,.,.,,~ -~·v •·-..-- · 


. I 



-·--------· .... .._ ____ _ 

2030•2035 2392 

(\ I ~ b8000 I \ 

:~,.... J ' 2119 II 


_.,_._~;: :·;. :':. . 2196,.. . . .... ., ',~ ... 
-:i,j.,:~·":"' l•.-v -;•-,,.,,, j· 

~ ...... , '" ,1 I, 1 
6000r ' ... .\ 

~ 

1 
l'1i 

• 

j 

11~ I \ 

·•• J i 2232
I 4000l ·v· l J\ I \ 

l 
I '··il 

~ 
] \i 

·,:;...~ I I ~..(. ..I I iy~~,..... 2352 · , ! ·.-::......,.,.,... "'~:2000 
\ 2557(Kr87) 

•t.lt.,.(~.. • ·~· ol"¥""" r. 26"f8 
.. _-...,.:,.__ .. , .. " ~-.. 

-••,,.._,,....... ...,..~i:),~~~o)}' '..;..:....:~.,,:...·.::.·•-'-..,....--..~•.,_...."" ...."'"..... • 


Cl.)... 2000 2400 2800z 
:::> 

·· o 
: 0 

·. FIGURE 5-2 b 
400... .. 

' .. .····.. . ,... . ·~·. . . .. ·,··:.. 
.. :.:. ·. ·.. '· ...... 

300 

4744•200 

f.\ 
,i '\ 

1 ~ 
IOOL .. ..- ·: ..··".::·f·:=::.. .,':..,. ·... ·'· l \ 

. . . .. . ...::"::~·~..~:::~~:i?::~'"·:.\;'::"'<~;~..~) . \~,.~,,;:"':.,;~";.':.:;·;,.:t::~ .":. :.."· .. ,:..... ... . 
• • • • • •• •• : ..·:.······ ............. ..·.::...·: ••;•. ·.:a''
I I . . ...............;;. 


3200 3600
l!______________________ _ ENERGY (keV) ---·----- ·-·--·----'~---··--·- -·---·-------·-·



1.32 

events. 

Some of the weaker ganuna-ray lines were not evident 

in the spectrum shown in figure 5-2. A singles spectrum 

88of Rb itself was collected using a 12 cc. active volume 

Ge(Li) counter. A ND150 lK ADC analyzer system was utilized 

to collect the spectrum shown in figure 5-3 during a 

running time of 2 hourse During this time new sources of 

88Rb were prepared every half hour. The existence of the 

weak 1518 and 1535 keV lines has been verified in other 

runs. The high energy lines are quite prominent in the 

spectrum. Because of the poorer resolution of the counter 

used here, evidence for existence of the doublet at 2112 

and 2119 keV is not seen in the spectrum. 

An additional spectrum of the gamma-radiation 

. 88 88following the beta decay of Kr and Rb was gathered 

using a 40 cc. active volume coaxial Ge(Li) counter. This 

detector was capable of ~ 3 keV resolution at 1 MeV and 

had a very high photo-peak efficiency. Thus it was 

possible to detect many weak gamma-ray lines in th1s run 

which were not seen in the previous runs. Some of the 

sections of interest are shown in figure 5-4. Here it is 

evident that the 1183 keV line observed in figure 5-2 is 

actually a doublet. The line at 1213 keV is postulated 

on the basis that the double-escape peak of the 2232 keV 
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line is stronger than expected, br6ader than neighbouring 

single line peaks and shows a skewing to the high energy 

side. The 1246 keV gamma-ray is also evident here. The 

bottom portion of figure 5-4 displays the two doublets at 

2030 and 2035 and at 2112 and 2119 keV. Almost all of the 

weak lines detected in this run have been assigned to the 

88Kr beta-decay scheme as discussed in section 5-4.2. The 

energies and intensities of the lines belonging to the beta

88decay of Kr and 88Rb are listed in Tables 5-2 and 5-3, 

respectively. It should be noted that in the case of all 

three isotopes, the intensities are relative to the 

strongest line in each particular decay scheme. 

5-2 Gamma-Gamma Coincidence Results 

The gamma-gamma coincidence runs were performed 

using a 3"x3" NaI(Tl) counter in conjunction with a large 

efficient Ge(Li) detector. The coincidence circuit used 

was that described in section 3-7. No gain stabilization 

was required as the runs were of relatively short duration. 

5-2.1 87Kr Gamma-Gamma Coincidence Results 

The coincidence run performed on the 87Kr isotope 

was carried out using an energy range of 0 to 900 keV in 

the NaI(Tl) dimension and 0 to 3000 keV in the Ge(Li) di

mension. The ND3300 analyzer system was set up in a 32 by 512 
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TABLE s~2 


Gamma-ray Ene:rgies and Intensities of 88Kr Lines 


Ey(keV} ly Cr239 2:::10 0 l I {%} * abs . 


28.0(1.0} 


166. 0 (1. 0) 18. 0 . 6. 8 , (O. 4) 

196 .1 (O. 5} 100.0 37.8 . (2.0} 

240.4(1.0) 0.8 0.3 . (O. 0 3) 

362.6(1.0} 7.8 3.0 · (0.2) 

390.4(1.0} 1. 6 0.6 · (O. l) 

472.3(1.0) 1.6 0.6 (O .1) 

789.0(1.0)t 1.0 0.4 (0.05) 

834.7(0.5) 34.4 13.0 >co. 6 > 

862.4(1.0) 1.4 0.53(0.1) 

945.2(1.0) 0.7 0.26(0.04) 

962.2(1.0) 0.2 0.07(0.01) 

986.7(1.0) 4.2 1.6 (0. 15) 

1039.6{1.0) 1.0 0.4 (0.05) 

1049. 5 (1. O) 0.3 0.1 (0.02) 

1141. 7 (1. 0) 4.6 1.7 (0.15) 

1179.5(1.0) 2.0 0.75(0.10) 

1185.1(1.0) 1. 5 0.57(0.06) 

1213.0(2.0) 0.5 0.2 (O .1) 

1245.6(2.0) 0.8 0.3 (0.03) 

1250.0(1.0) 3 .o ·. 1.1 (O. l) 

1352.5(1.0} 0.5 0.2 (O. 05} 

1518.5(2.0)t 4.0 1.5 (O. l} 

15 2 9. 8 (1. 0} 30.0 11.3 : {0.6} 

2029.5(2.0} 12.7 4.8 (O. 3) 

2035.3(2.0} 12.7 4.8 (O. 3} 

2186.8(2.0} 0.4 0.15(0.02} 

(continued next page} 

http:0.15(0.02
http:0.57(0.06
http:0.75(0.10
http:0.07(0.01
http:0.26(0.04


Ey(keV} 	 Iy (I.239 2:=100} 

2195.9 (0.5} 39.5 

2231.6(1.0) 9.5 

2352.4(2.0) 0.5 

2392.0(0.5} 100 

2409.4(2.0} 0.2 

2549.0(2.0) 0.7 

2771.8 (2.0} 0.1 

*Calculated using decay scheme in Fig. 5-18. 
tNot placed in decay scheme. 

TABLE 5-3 

Gamma-ray Energies and Intensities of 

Ey(keV) Iy(r1836=100) 

898.0 60.0 

1383.5(1.0) 3.5 

1518.5(2.0)t 0.6 

1535.5(1.0) ·.o. 6 

1779.8(2.0) 1.0 

1836.1 100 

2112.0(2.0) 0.4 

2119.5(1.0} 1.8 

2577.8(1.0) 0.7 

2677.8(1.0} 9.5 

2734.1 0.6 

3009.5(1.0) 1.6 

3220.0(2.0} ·l. 2 

3487.8(2.0) o·. a 
4744.5(3.0) 1.5 

4854.0(3.0) 0.1 
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Iabs.(%} * 
14.9 (0.8) 

3. 6 (O. 2) 

0.2 (0.04) 

37.8 	 (2.0) 

0.07(0.01) 

0.26(0.04) 

0.04(0.01) 

88
Rb lines 

I abs (%} * 

18.1 (0. 8) 

1.1 (0 .1) 

0.2(0.05) 

0.2(0.05) 

0.3(0.05) 

30.2 (1. 0) 

0.1 (0.02} 

0.5 (0.05} 

0.2 (0.05) 

2.9 .(0,.15) 

0.2 (O • 0 5) 

0.5 (O. 0 5) 

0.4 (O. 0 5) 

0.2 co. 0 5} 

0.5 (O. 0 5) 

0.03(0.005) 

*Calculated using decay scheme in Fig. 5-19 • 
tNot placed in decay scheme. 

http:0.3(0.05
http:0.2(0.05
http:0.2(0.05
http:0.04(0.01
http:0.26(0.04
http:0.07(0.01
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two parameter configuration thus utilizing the full 16K memory 

available and .making real-time analysis possible. The 512 

channels in the solid state (Ge(Li)) dimension were sufficient 

for retaining the energy resolution required for the experiment. 

A resolving time of 2T = 60 nsec. was used in the coincidence 

circuit giving a chance rate of about 15%. All of the coinci

dence relationships of interest were discernable in the six 

hour run performed. Figures 5-5a and 5-5b show spectra ob

tained with the Ge(Li) detector in coincidence with the 674 

and 403 keV transitions respectively. In each spectrum the 

403 keV line is a major source of random coincidences as it 

it such an overwhelmingly strong line in the singles spectrum. 

By comparison of figure 5-5a and 5-5b it is obvious that the 

1338 and 1741 keV lines are in coincidence with the 674 keV 

line. A large number of gamma-ray lines seem to be in 

coincidence with the 403 keV line from a cursory ·examination of 

figure 5-5b. However a comparison of the intensities of the 

gamma-rays in the coincidence spectrum with the correspon

. ding singles intensities reveals that the appearance of the 

846 keV line is due to chance contributions. It is also 

noted that one or more of the component~ of the 2556-2559 

keV doublet is in coincidence with the 403 keV line but with 

only about one third of the intensity expected from the singles 

run. This is interpreted as meaning that only one of the 



Figure 5-5a. 	 Ge(Li) spectrum in coincidence with 

the 674 keV line in 87Kr 

Figure 5-5b 	 Ge(Li) spectrum in coincidence with 

the 4 0 3 keV line in· 8 7Kr 
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components of this doublet is in coincidence with the 403 

keV line. Energy considerations and intensity measurements 

indicate that it is the higher energy component at 2559 keV 

which accounts for the coincidence results. The results 

of the gamma-garruna coincidence measurements on 87 Kr are 

summarized in -Table 5-4. 

TABLE 5-4 

87Kr Coincidence Results 

Line in NaI 
Dimension 

Lines in Ge 
observed in 

dimensionn 
coincidence 

403 674,836,1175,1338,1384,2012,2559 

674 1338,1741 

836 403,1175 

846 

5-2.2 ~ 8 Kr and 88 Rb Gamma-Gamma Coincidence Results 

88A garruna-gamma coincidence run was performed on Kr 

88and Rb concurrently because of the difficulty of maintaining 

a relatively pure source of either isotope for a time long 

enough to obtain sufficient counting statistics. It is nee

cessary to span an energy range of 0 to 3500 keV in both the 

NaI{Tl) and Ge(Li) dimenslons. To retain adequate energy 

resolution in both dimensions at least 1024 channels were 

requlred on the solid state side and 256 channels on the NaI(Tl) 

18side. As this would have required 2 (262,144} memory lo
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cations to record coincidences in real time, address re

~ordi~g was utilized to record the entire coincidence 

surface concurrently. Writi~g at 200 bits per inch, it was 

possible to record about l.5xl0 6 coincidence events of 18 

88bits each on a 2400 foot roll of magnetic tape. In the Kr

88Rb coincidence run, seven such tapes were filled during 

a continuous ~unning time of ten hours. New sources were 

prepared every few hours to maintain an average total coinci

dence counting rate of 300 per second with a chance contri

bution of about 15%. The coincidence circuit was set for 

a resolving time of 2T = 60 nsec. 

To sort the collected data, four passes were required 

for each tape using the IBM 7040 computer facility. The 

spectra from each tape were adjusted for zero and gain shifts 

and then summed to obtain the resulting 256 by 1024 two-

dimensional array. To simplify analysis of the coincidence 

data, the large array was reduced in size by adding the NaI(Tl) 

channel spectra in pairs resulting in a 128 by 1024 array. 

The coincidence data were then analyzed thoroughly in both 

dimensions. One method of analysis used was to sum the data 

in the Nal(Tl)-counter dimension across a peak in the Ge(Li)

co.unter dimension and then subtract from this spectrum the 

~ackground under the peak by using a sample from the same 

number of channels but located on the wings of the peak. 



Figure 5-6a. NaI(Tl) spectrum in 	coincidence with 

88the 472 keV line in Kr 

Figure 5-6b. NaI(Tl) spectrum in 	coincidence with 

88the 896 keV line in Rb 
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Figures 5-6a and 5-6b depict two such spectra. The first 

figure indicates that the 390 and 1530 keV lines are in 

coincidence with the 472 kev line in the Ge(Lil dimension 

while the second tigure demonstrates the coincidence of the 

1836 and 2119 keV lines with the 898 keV line in the Ge(Li)

dimension. It will be noted that in these spectra there is 

a strong chance contribution from the 898 and 1836 keV lines. 

This was considered quantitatively when analyzing the coinci

dence spectra. Evidence for a coincidence is best estab

lished by comparing the coincidence spectrum under scrutiny 

with both a singles spectrum and a neighbouring coincidence · 

spectra. The analysis technique as described above was found 

to be useful in bringing out the stronger coincidence relations. 

It was found that the mo~t sensitive method for detecting 

coincidences was to examine . the Ge(Li) spectra in the region 

around a peak in the Nal(Tl) dimension. Figure 5-7 shows four 

such Ge(LiJ spectra in coincidence with the 472, 835, 1142 

and 1530 keV lines in the Nal(Tl) dimension respectively. 

The coincidence of the 1530 keV line with the 472 keV line is 

concluded from a comparison of figure 5-7a with adjacent 

spectra and a singles spectrum. The other prominent peaks 

in1 this figure appear with about the same intensity ratio as 

in a singles spectrum . . A comparison of figures 5-7a and 5-7b 

leads to the conclusion that the 1530 keV line is in coinci



Figure 5-7a. 

Figure 5-7b. 

Figure 5-7c. 

Figure 5-7d. 

Ge(Li} spectrum in coincidence with 

88the 472 keV line in Kr 

Ge(Li) spectrum in coincidence with 

88the- 835 keV line in Kr 

Ge(Li} spectrum in coincidence with 

88
the 1142 keV ~ line in Kr 

Ge(Li) spectrum in coincidence with 

the 1530 keV line in 88Kr 
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Figure 5-8 - Gamma-gamma coincidence matrix for 88 Kr 

and 88 Rb. Coincidence with a peak in the NaI(Tl) 

dimension is indicated by an open circle while 

coincidence with a peak in the solid state dimen

sion is indicated by an X. 
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dence with the 835 keV line. Even the weak coincidence 

of the 1250 keV line with the 1142 keV line is evident in 

figure 5-7c. Figure 5-7d clearly shows the coincidence of 

the 835 keV line with the 1530 keV line. The complete re

sults of these measurements on 88Kr and 88Rb are summarized 

in figure 5-8 ' in the form of a matrix. Coincidence with a 

peak in the NaI{Tl) dimension is indicated by an open circle 

while coincidence with a peak in the solid state dimension 

is indicated by an X. 

The beta singles for each isotope_ were obtained 

mainly to determine the ground state branching ratio of the 

beta-rays while the beta-gamma coincidence runs were performed 

to facilitate the assignment of the gamma rays in the decay 

scheme. The beta singles were obtained using a 2"x2" plastic 

scintillator system with good linearity and gain stability 

against counting rate changes. 

885-3.1 Beta Analysis of Rb 

88The samples of Rb were obtained by means of the 

charged wire and collection continued until the activity was 

adequate for the experiment to be carried out. A collection 

time of about two minutes was sufficient for the singles 

runs to obtain an initial count rate of 2000 per second in 
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the beta counter at a range 	of 1" in air. ;For coincidence 

runs a h~gher counting rate of the order of 400Q counts per 

second was obtained after collecting for 4 to 5 minutes. 

In order to check for sample contamination and to ensure that 

there were no random summing contrinutions in the beta singies, 

88 . 
a series of runs was carried out us_ing one Rb sample. 

After initial calibration of the beta counter with a ruthenium 

source(l35 > the series of runs was started. Eight consecutive 

runs were carried out using 3.5 minute counting intervais with 

a 0.5 minute interval between runs. During each counting inter

val the sample spectrum was recorded in a 256 channel group 

88
of a 4096 channel analyzer. Immediately following the Rb 

runs the room background spectrum was recorded. Then the 

plastic scintillator was re-calibrated by recording the beta 

106R 90y d 38Clspec t ra o f u, 90 8r, 	 an • 

88The analysis of the Rb beta spectra was carried out 

106 
as follows. The Fermi plots of the Ru spectra recorded 

before and after the experiment were compared to ensure that 

no gain shift had occurred during the run. Fermi plots of 

the beta standards were used to obtain an accurate energy 

scale for the beta spectra. Room background was subtracted 

88from each Rb spectrum in the series. To check for the 

presence of random summing and contaminants in the beta spectra, 

the series of eight runs was then fitted by least-squares 
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channel by channel to a decay curve composed of a 17.8 

minute half-life component and an 8.9 minute component 

since random summing is proportional to the square of the 

counting rate. A chi-squared analysis of the fit £or all 

channels showed that random sununing was completely negligible 

and that there was no noticeable quantity of contaminant 

present in the sample. The resulting fit was then used 

together with the weights found in the stripping of the beta-

ray spectra to determine the group intensities. 

b eta sing1es run o is s ovm in igure 5A · f 8 8Rb. · h · f · 9 

with the beta groups stripped off. The highest energy group 

was found to have the first-forbidden unique shape as ex

pected and an end-point energy of 5080±.50 keV. This is to 

be compared with the value of 5200 keV determined by Lazar 

et al~ 55 > The high intensity and large energy separation of 

the next beta end-point energy permitted an accurate deter

mination of the shape and end-point energy of the ground 

state beta group. Further stripping off of the beta groups 

yielded four main beta groups with branching percentages as 

shown in Table 5-5. The first three beta. groups are easily 

identified as the beta groups to the. ground state and the 

88 . . . 1 b h 1100first two excited states in Sr respective y ut t e 

http:5080�.50


Figure 5-9. Beta~singles run for 88 Rb with four 

beta components stripped off 
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TABLE 5-5 

· Beta T·r·a·n·s ·iti.o'n· Gr·o'u·p·s· ·i ·n· ·8·8Rb 

· End'-p·o·i ·nt ·(keV l 

5080 65.5 

3240 16.0 

2350 12.5 

1100 6.0 

keV group cannot definitely be identified as its intensity 

is low and thus the end-point energy cannot be determined 

accurately. The beta group, e4 , actually consists of a 

complexity of weak beta groups with very close end-point 

energies. This makes the stripping down of this part of the 

beta spectrum almost impossible. 

Two beta-gamma coin.cidence runs were carried out on 

88Rb using the multi-channel analyzer in a 64x64 two para

meter configuration. The first run covered the entire beta 

spectrum and the gamma spectrum from 1.2 to 3.0 MeV. In a 

30 minute run, 74,000 coincidence events were collected. The 

second beta~garnma coincidence run covered the entire beta 

energy range and the gamma-ray energy range from 0 to 2.0 

MeV. An analysis of the beta-ray spectra from these runs 

was carried out using Fermi-plot stripping techniques as ~one 

for the beta-ray singles spectra. Plots of the intensity of 

beta groups. obtained as a function of gamma-ray energy, 



Figure 5-10. Beta spectrum in coincidence with 

1 . . 88 b898 k eV ine in · R 
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Figure 5-11. Beta spectrum in 	coincidence with 

881836 keV line in Rb 
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showed the. ganuna-ray response curves of the Nal(Tl} detector 

to the ganuna-rays with which the beta. groups are in coincidence. 

Figures 5-10 and 5-11 illustrate the beta groups in coincidence 

88with the 898 and 1836 keV lines in Rb respectively. The re

sults confirmed existing assignments to the first and second 


88
excited states in sr but the intensities of the lower 

energy beta transitions were so low and the beta group end

point energies so closely spaced, that no further assignments 

could be made on the basis of the beta-ganuna coincidence re

sults alone. 

The method of isotope separation used as described in 

87section 3-10 gave about 85% Kr activity with the remainder 


88
~ being mainly 85Kr and Kr. Rubidium decay products were 

removed by means of a travelling charged wire. Thus spectru~ 

recording could be and was started immediately after the 

sample reached the chamber. Preliminary calibration runs were 

made in the same manner as before in doing the beta singles 

88on Rb. Then several consecutive runs were recorded in 

series. However no attempt was made to analyze the runs for 

random summing contributions because of the suspected leakage 

of the active gas from the chamber. Following the singles · 

runs, bac~ground and standards were run. As the total coun

ting rate during these runs was never greater than 1500 
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counts per second, the random summing contributions were 

assumed to be negligible. 

Using calibration standards and the end-point energy 

88of the Rb ground state group the highest energy beta group 

was measured as having an end-point energy of 3900±100 keV. 

This value agrees with the ground state beta~group energy of 

3.9 MeV as obtained by Holm< 47 >. By a careful analysis of 

the high energy portion of the spectrum it was possible to 

establish the decay rate to the ground state of 87Rb which 

is known to be a first forbidden transition. By averaging 

over four separate spectra a value of 0.40±0.05 was obtained 

for the ratio of the intensity of the ground state beta-

ray transition to that of the transition to the first ex

cited state. Further analysis of the spectra was done 

despite the presence of Compton scattering arising from 

the detection of high gamma-rays. The spectra were stripped 

88 . h d 'd t' f t . t' .d own wit ue consi era ion or Kr con amina ion. Figure 

5-12 shows the results of the stripping-down process carried 

out for seven beta-group components. The low energy groups 

are not well defined in energy or intensity because of the 

close spacing of the ene~gy end-points. 

In order to carry out the beta~gamma coincidence 

87runs on Kr, more active sources than used for the singles 

analysis were produced. Two separate coincidence runs were 

http:0.40�0.05


87Figure 5-12. 	 Beta-singles run for Kr with seven 

beta components stripped off 
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performed and both were recorded in a 64x64 two parameter 

configuration. The first run covered the entire beta spec

trum in one dimension and the gamma-ray spectrum from 0.6 to 

2.5 MeV in the other dimension. A total of 100,000 coincidence 

events were recorded in a period of 16 minutes. The second 

coincidence run covered the entire beta energy range again 

in the one dimension and the ganuna energy range from 0 to 

0.9 MeV in the other dimension. In a 17 minute period, 

220,000 coincidence events were recorded. Both coincidence 

runs were kept short to reduce the amount of 88 Rb contamina

tion which grew in with a half-life of 18 minutes from the 

88 . . . h 1Kr activity in t e samp e. The removal of the rubidium 

activity by means of the travelling charged wire was not 100% 

efficient. 

The chief results of these coincidence runs were as 

follows. The 403 keV garruna~ray is in coincidence with three 

major beta-ray groups as depicted in figure 5-13. The beta 

group with end-point energy 3.5 MeV populates the well-knbwn 

87energy level in Rb at 403 keV while the beta group with 

end-point energy 1490 keV populates the energy level at 2415 

keV. The low energy group then is interpreted as populating 

a level around 3.0 MeV. It was found that all three _gamma-

rays of energy 674, 1741 and 2012 keV were in coincidence with 

a beta group of end-point energy 1490 keV. A beta~group of 



Figure 5.-13. Beta spectrum in coincidence with 

87403 keV line in Kr 
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Figure 5-14. Beta spectrum in coincidence with 

2557 keV line in 87Kr1 
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end point energy 3050 keV is in coincidence with the 846 

keV ganuna-ray line. In f~gure 5-14 the beta spectrum in 

coincidence with the 2556-2559 keV doublet has been stripped 

to two components with end-point energies 0.9 and 1.3 MeV. 

This is in contradiction with Holm's resultC47 > of one 

_component of end-point energy 1300 keV in coincidence with a 

. ganuna-ray line at 2557 keV. The present results however 

confirm the gamma~gamma coincidence results which indicated 

the existence of a doublet at this energy. 

5-3. 3 Beta Ana1ys·i ·s· ·oE ·8·8Kr 

A sample of the 88 Kr isotope could not be produced 

. thout . . f rom. S?K .In orderwi some contamination r. to minimize 

the amount of 87Kr in the sample, the source produced was 

allowed to decay for one hour before flushing it into the 

counting chamber. Samples produced in this fashion had 

approximately 60% 88Kr activity with the remainder being 

87Kr and 85Kr. 

88Singles runs for Kr followed the same procedure 

87 88as for Kr. Although the Rb contamination did not exceed 

8% of the total activity excludi~g bac~ground, the contribu

tion of this contamination to the spectrum was subtracted 


from the total spectrum by fitting to the high energy part 


of the spectrum. In doing the Fermi-plot analysis it was 
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realized that there was a fair amount of _ganuna-ray inter

87ference along with the Kr activity. A very high propor

tion of the 88Kr beta activity was found to decay to the h~gh 

energy states in 88Rb. Thus there was low intensity in the 

high energy beta spectrum of 88Kr, the part of the spectrum 

87where there is a very large contribution from the Kr high 

·energy beta-ray groups. Under these conditions no judge

ment could be made as to the ground state beta group intensity 

88in the decay of Kr. However an argument can be made on the 

basis of spin assignments made to the low lying states by 

Morton and Darcey< 64 ). They assigned spins of 3 and 1 to 

the 28 keV and 196 keV levels respectively on the basis of 

88(d,p) results. The ground state spin of Rb is 2 whereas 

the ground state spin of 88Kr . is O+. The beta _group to the 

196 keV level is then a first forbidden transition with 

Lil=l, yes. Since a ground state beta transition would be 

LiI=2, yes, it should be inhibited considerably relative 

to the beta-ray transition to the 196 keV leve1< 136 ). The 

88 . 1 f . h . f' 5 15 . h h 

88 

be t a sing es run or Kr is s own in igure - wit t e 

background and Rb contamination subtracted off. The three 

87higher energy beta. groups belong to Kr while the lower 

88energy ones are members of the Kr beta groups. The 2700 

keV component and a strong low energy. group are easily 

stripped off of the complex beta spectrum. It was almost 



88Figure 5-15. 	 Beta singles run for Kr with 88Rb 

components and background subtracted 
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impossible to strip off any more groups with any ~eliability. 

Accurate measurements of the end-point energies of the beta 

groups were not possible from the si!lgles spectrum. Thus 

the beta~gamma coincidence runs were used to determine the 

88beta end-point energies of the Kr beta. groups. 

Samples were prepared for the coincidence runs in the 

same manner as for the singles runs. Again two coincidence 

experiments were carried out using a 64x64 configuration. The 

first run covered the entire beta energy range in one dimension 

and the gamma energy range from 0.5 to 2.7 MeV in the other 

dimension. The second run covered the gamma-ray energy 

range from 0 to 1.0 MeV. In both runs the coincidence 

counting rate averaged about 350 events per second over a ten 

minute period. 

Some of the importa~t beta-gamma coincidences analyzed 

were as follows. One strong group with end-point energy 500 

keV was detected in coincidence with the 1530, 2030, 2196 

and 2392 keV gamma~ray lines. Two beta groups were detected 

in coincidence with the 835 keV line as shown in figure 5-16, 

namely the 510 and 2040 keV beta groups. The 1760 keV beta 

group was detected in coincidence with the 1142 keV line as 

was the 2700 keV group in coincidence with the 196 keV line. 

Any other possible coincidence spectra were too difficult 

to strip from the beta spectrum. Using the beta~gamma coin



Figure 5-16. Beta spectrum in coincidence with 

88835 keV line in Kr 
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cidence results, a Q value ~f 2900±100 keV was determined 


88
for the beta decay of Kr. This compares with 2800 keV 


as measured by ThulinC44 l. 


88In order to verify the decay scheme of Kr as 


presented in section 5-5.2, a coincidence experiment was 


performed with the 28 keV gamma ray and all higher-energy 


. ganuna rays. The 28 keV gamma ray was detected using a 1 nun 

thick Nal(Tl} counter while the higher-energy _ gamma rays 

were detected using a Ge(Li) detector. The coincidence rate 

was very low and this was thought to be mainly due to the 

fact that the 28 keV line is strongly converted as would be 

·expected for an Ml transition of this energy. However, there 

were definite indications that the 835 and 1530 keV lines 

are in coincidence with the 28 keV line . There was no 

indication of any coincidence of the 28 keV line with the 

2196 keV line or with the 166 keV line. Thulin( 46 ) on the 

other hand indicated that a coincidence had been detected 

between the 28 keV conversion electron and a 165 keV 

. gamma transition. 

The Weisskopf estimates of the half-life of a 28 keV 

state which decays by an Ml transition is of the order of one 

nanosecond for an unconverted transition. The K/(L+M} ratio 
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of 8 for the 28 keV. gamma ray classifies it is an Ml transi

tion ( 46 l. As the line of interest is stro!lgly converted 

(aK;. 4.5 for E ;: 28 keV and an Ml transition) the lifetime• . y 

of the state is expected to be much· shorter than one nano

second. An attempt was made to measure the lifetime of the 

28 keV state using electronic timing and the centroid shift 

technique. Using a TAC (time-to-amplitude converter) the 

starting pulse was generated by gamma rays with energy. greater 

than 800 keV detected by a fast plastic scintillator. The 

stop pulse was generated by the 28 keV gamma ray detected by 

a thin Na! counter. The ·only conclusion that bould be 

drawn from this experiment was that the lifetime of the 

state is less than 200 ps, which is about the minimum life

time which can be detected using the present technique. The 

results are consistent with a strongly converted (aK ~ 4.5) 

Ml transition. 

875-5.1 Decay Scheme of Kr 

Based on the experimental results of this investiga

tion a consistent decay scheme was constructed for the beta 

decay of 87Kr as shown in figure 5-17. Assignment of the 

garnma rays in the decay scheme was based mainly on the gamma-

gamma and beta~ganuna coincidence results as very few levels 

were known in the 87 Rb nucleus from otheri; reaction data. Since 

no coincidences were seen with the 2811 or 3310 kev. gamma-ray 
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lines, these were assumed to be ground~state transitions. 


The 1384 keV line was detected in coincidence with the 403 


keV line and was ass~gned its place in the decay scheme 


based on energy considerations as the sum of 1384.0+1175.5 


is equal to 2559.0 keV within the errors of measurement. 


This also explains the coincidence of the higher energy com


ponent of the-' doublet at 2557 keV with the 403 keV line. The 


lower-energy component of the doublet was assigned as a 


. ground-state transition on ·the basis of beta-gamma coincidence 

results. The beta~gamma coincidence results also established 

that the 674 keV line was in coincidence with a low-energy 

beta component; hence its assignment in the decay scheme. 

The 846 keV transition de-excites the well-known 846 keV 

level in 87Rb. 

Using this decay scheme and the fact that the inten


s~ ty ·of the beta group to the ground state is 40% of the 


intensity of the beta group to the first excited state, it 


wa~ possible to obtain the beta-ray branching percentages 


(including 19.6% to the ground state} from the relative 

. gamma-ray intensities. The absolute gamma-ray intensities 

were consequently determined and are listed in Table 5-1. 

Log ft values have been calculated using the deduced beta-ray 

.branching ratios and the end-point energies of the beta_groups. 
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The decay scheme shown in f ~gure 5-18 has been 

cons t rue t e d for 88Kr . the experllUen. t a 1 results of theusing 

preceding sections. This decay scheme has been modified from 

the one presented by Thulin(46 l based on the better energy 

measurements available. In general the strong transitions 

listed in Table 5-2 have been placed in the decay scheme on 

the basis of ganuna-gamma and beta-ganuna results. The weaker 

lines were assigned in the decay scheme on the basis of the 

known {d,p) levels in_ 88Rb as listed in Table 2-7. The 835 

keV line has been ~ssigned as de-exciting the 862 keV level 

based on its coincidence with the 28 keV line and the fact 

87 88that a level was observed at 862 keV in the Rb(d,p) Rb 

reaction. The 166 keV line was detected in coincidence with 

the 196 keV line and thus was assigned as shown rather than 

populating the 28 keV level. The energy difference between 

the 196 and 166 keV lines also makes the latter assignment 

unlikely. However Thulin( 46 ) detected the conversion 

electrons of the 28 keV line in coincidence with a gamma 

transition of energy 165 keV. The present coincidence ex

periment carried out with the 28 keV line indicated a possible 

coincidence with a line of approximately 166 keV although 

it was difficult to determine positively. If the coincidence 

were real the line at 166 keV would have to be a doublet with 
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a higher energy component at 168 keV. This was not evident 

in the present investigation. The 'levels at 1142, 1213, 1246 

and 1353 keVwere observed in the (d ,p} reaction but the level 

at 1183 keV was postulated on the basis of the coincidence of 

the 987 keV line with the 196 keV line. The strong level at 

2392 keV was not populated in the (d ,p) reaction although 

the level at 2232 keV was weakly populated. The assignment of 

the 2232 and 2035 keV lines was based mainly on energy con

sideration&. The levels at 2549 and 2772 keV were postulated 

on the basis of ground state transitions and a transition to 

the 362 keV level in each case. The 2549 keV level also 

has a transition to the 196 keV level. The 789 and 1518 keV 

transitions were not assigned to the decay scheme 

Based on this decay scheme and the fact that no beta 

rays are seen populating the ground state of 88Kr, the beta-

branching ratios have been calculated and hence the absolute 

intensities of the gamma rays are listed in Table 5-2. These 

calculations were done assuming no internal conversion of the 

196 keV line although Thulin{46 l indicated that the internal 

conversion coefficient was measurable but small. Another 

assumption was that the intensity of the 28 keV line equals 

the sum of the intensities of the 835, 1185 and 240 keV lines. 

However if there is a 168 keV line feeding the 28 keV level, 

the intensity of the 28 keV line would be _greater. Log ft 
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values have been calculated for all the beta. groups based 

on the Q value of 2900 keV and the deduced branchi~g ratios. 

These are sununarized in f~gure 5-18. 

8S-S. 3 . ne·c·ay Schen1e· ·o"f" · ·81fu 
88A decay scheme for Rb consistent with the experi

mental results has been constructed as·- shown in figure 5-19. 

the significant additions made to the decay scheme as pre

55sented by Lazar· ·et.-al. C > are as follows. The 4. 87 MeV 

level reported by Lazar et.-al. C55 l is actually a triplet 

consisting of levels at 4744, 4846 and 4854 keV. The members 

of the doublet observed in this investigation at 2112 and 

2119 keV de-excite the 4846 and 4854 keV levels respectively. 

Two more levels are also populated at 4270 and 4414 keV. 

These levels are de-excited by the weak ganuna-ray lines of 

1535 and 2578 keV, respecti~ely. No evidence for a level at 

88 883691 keV was seen. Using the fact that the Rb and Kr 

spectra in figure 5-2 were collected at equilibrium, the 

88intensities of the Rb lines were determined relative to 

88the intensities of the Kr lines. The ground-state beta 

group intensity was calculated as 68.7% assuming that all the 

88Kr activity was detected. This compares with 65.5% as 

determined from the beta singles run. The best value f.or 

the ground-state beta intensity, however, is~ 68.7% as 

88the effects of internal conversion in Kr are not known. 
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CHAl?TER 6 

STRONTIUM THERMAL NEUTRON CAPTURE RESULTS 

6~1 Singles Runs 

Singles spectra were obtained using samples of natural 

strontium in the form of Srco powder. The samples were at
3 

least 99% pure with small calcium, iron and other metal im- _ 

purities of the order of about .02% each. The carbon conta

minant gave rise to 'three ganuna-ray lines at 1262, 3684 and 

4945 keV. Significant contributions to the capture cross

86 87section were provided only by the sr(n,y) sr and 

87sr(n,y) 88sr reactions as outlined in Table 2-2. 

Various spectra were collected using both neutron 

irradiation facilities, two different sample holders and a 

variety of Ge(Li) detectors. By using both neutron irradia

tion facilities it was possible to eliminate certain 

background lines from the spectra. Background lines arising 

from neutron capture in the impurities in the sample, in the 

sample holder and in the detector chamber material were of 

course common to all spectra. Gamma-radiation arising from 

neutron capture in the sample holder was identified by using 

two different sample holders. One sample holder was a quartz 

. . . d. . h 2 as. ( >29 .tub e which gives rise to gamma-ra iation from t e l n,y Si 
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reaction. The energies and intensities of these transitions 

are well known and were thus used as calibration standards(l0 4 ). 

A paper container was used as the second sample holder. Paper 

contains hydrocarbons and thus gives rise to the characteris

12 13tic garruna radiation following the H(n,y)D and C(n,y} C 

reactions. These lines also provided good internal cal

ibration standards in the strontium singles run. 

All of the Ge(Li) detectors used were of the wrap-around con

· figuration. The active volume of the counter determined the 

detection efficiency for the double-escape and photo-peak 

events. The difference in the relative detection efficiencies 

for the two types of events for the various counters used 

provided a means of distinguishing between photo-peaks and 

double-escape peaks in the energy range 1.5 to 3.0 MeV 

where the photo-peak and double-escape relative efficiencies 

are within a factor of 2 or 3 of each other. 

The singles run which gave the most detailed infor

mation is depicted ·in figure 6-1. This spectrum was obtained 

in a two~day counting period using the reactor horizontal 

beam port facility and the strontium sample contained in a 

paper holder. The spectrum was recorded initially as a 

series of consecutive eighty minute dumps on magnetic tape. 

Each set of data was adjusted to have the same gain and zero 

parameters as those determined for the first dump. Following 
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this adjustment the spectra were summed and a background 

function was calculated and subtracted from the sum. The 

resulting . spectrum is shown in figure 6-1 with the exception 

of the upper portion of figure 6-l(a) which was extracted from 

another low energy run of the strontium thermal neutron 

capture reaction. 

This spectrum as well as others were analyzed in 

detail to obtain the energies and intensities of all of the 

peaks. The centroid of each peak was calculated by computer 

where there were no overlapping peaks nearby. The positions 

of those peaks which overlapped were calculated either by 

a non-linear Gaussian fitting technique where statistics 

warranted or by visual estimation when a good Gaussian fit 

could not be achieved. The strong strontium thermal neutron 

capture gamma-ray lines were initially calibrated using the 

igh ines f 28s . ( ) 2 9 .we11- k nown h . energy 1 . rom the i n,y Si reaction. 

in a previous run with the sample in a quartz tube holder. 

The strong iron thermal neutron capture gamma rays were also 

used as calibration points as iron is a major contributor to 

background radiation. The deuteron and carbon capture gamma-

ray lines also appear in the background and were used for 

calibration purposes. In all, twelve gamma-ray lines due to 

photo-peak, single-escape and double-escape response peaks 

of background lines as well as the strong low energy lines 
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87 88of Sr (n,y} sr were used as calibr.ation standards. The 

energy values ·adopted for the standards are listed in Table 

6~1 . . ~he average error in fitting these peaks to a para-

Table· 6-1 


Calibration lines for Strontium Capture Gamma-Rays 


Reaction E y i\E y Reference 

(keV) (keV) 

56 57
Fe (n ,y) Fe 7646 1 137 

7632 1 

6018 1 

5920 1 

12c (n 'Y )·13c 4945.4 .17 138 

H(n,y)D 2223.28 .15 117 

88y~ 88Sr 1836.08 .01 · 114 

898.01 .OS 

bolic function was ± 0~5 keV which is a measure of the accu

racy with which the gamma-ray energies can be measured. ·The 

energies of the strong strontium thermal neutron capture 

gamma rays as determined ·from the calibration run were then 

used as calibration standards to determine the energies of 

all the strontium capture gamma rays. The calibration peaks 

were fitted to a parabolic function over the nearly linear 
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portion of the ADC gain, i.e. channels 500 to 3800. The 

energies of all of the ganuna-ray lines are indicated in 

figure 6-1 to the nearest keV. The background lines are 

labelled as such. The ganuna rays which likely originate from 

neutron capture in strontium are listed in Table 6-2 along 

with the errors in parenthesis. The gamma-ray lines observed 

by the other three research groups are listed for comparison. 

The errors associated with the energies measured by Schmidt 

6et.al. ( 0) are generally a factor of three larger than the 

corr~sponding etrors quoted by the other three groups inclu

ding those quoted in the present work. In the column under 

the heading, "Conunents", the contributing isotopes of some 

of the background lines are noted. Gamma-ray energies which 

may correspond to double-escape peak energies are also noted. 

The isotopic assignment of most of the lines is also listed 

as discussed in later sections of this chapter. In the case 

of the stronger strontium capture gamma rays, the energies 

listed are weighted averages of several determinations from 

spectra collecte~ by different Ge(Li) detectors. In the case 

of the weaker lines, the energies were main~y determined from 

the spectrum shown in figure 6-1 as it had the greatest number 

of counts in the peaks . of all of the runs carried out. 

The intensities of the gamma-ray lines were deter

mined from the efficiency curves (of which a typical one is 
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TABLE 6-2 

·· List of Strontium Capture ·Gamma Rays 

Line 
No. 

Present Work Schmidt 
et a1(60)--

Irigaray 
et al ~56)-

Rasmussen 
et al(57)-

Com
ment 

E 
y 

I 
y 

E y 
E 

y 
I 

y 
E 

y 
I 

y 

9154 

8997 0 59Ni 

8895 0.70 8379' 

8886 11.4 54Cr 

8754 

. 8554 1.1 

1 8378.9(1) 2.30* 8376 8381 4.6 8378.4 1. 57 88 *** 

2 8039.7(1) 2.60 8038 8040 5.1 8039.0 1. 31 87 

7965 

7912 64Cu 

7691 0.9 

3 7556 (2) 0.10 7558 87 

4 7528.4(1) 8.00 7527 7529 14.6 7527.7 5.08 88** 

7498.0 0.12 

5 7477.3(1) 0.68 7476 7476.5 0.46 88** 

7457 0.9 

7422 

7400 1.1 

7384.9 0.14 

7367 

7308.l 0.24 

7292 0.9 

.7272 

6 7248.0(2) 0.15 7247 7247 

7235.5 0.14 

7219.9 0.14 

7208 

7178 1.1 

(continued next page) 
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Line Present Work Schmidt Irigaray Rasmussen Com-
No. et al (6 0) et al( 56 ) et a1< 57 > ment 

E E- E-I E.I 	 I y 	 y y y y y y 

7 7159.8(2) 0.25 7153 	 7162 1.1 7160.8 0.13 88 


7125 1.1 7117.6 .10 


6963.8 .12 

8 6942.8(1) 6.65 6941 6944 11.7 6941.9 3.71 88** 

9 6885.3(1) 5.18 6883 6885 9.7 6885.l 3.31 88** 

10 6842.7(1) 0. 85' 6843 6847 1.4 6844.3 0.66 88** 

' 11 6812.7(2) ·o. 25 6811 6814 0.6 	 (88) 

6778 3.1 

12 6760.6(2) 0.20 6766 6765 0.6 

13 6699.2(1) 1.-20 6693 6704 2.3 6698.9 0.93 88** 

14 6671.5(2) 1.20 

15 6661. 0 (1) 6.90 6658 6661 16.3 6660.6 6.05 88** 

16 6620.0 (2) 0.25 6619 0.9 

6612 6609 0.9 


17 6582 (2) 0.10 , 6585.5 0.08 


6569 

6544.7 0.09 

6507.8 0.13 

6487.0 0.10 

6463.5 0.24 
41Ca6417.0 0.17 

6390.3 0.26 

18 6344 (2) 0.15 6343.7 0. :1 3 

19 6319(2) 0.30 6312 6322.2 0.21 

20 6267.1(1) 8.55 6264 6267 18.8 6267.3 6.10 88** 

21 6231.9(2) 0.25 6228 6230.4 0.23 

22 6182.0(2) 0.25 6188 6184 1.1 

6136.6 0.09 

23 6101. 8 (1) 4.80 6101 6102 11.2 6101. 9 3.88 88** 

24 6037.1(2) 0.20 6040 88 

25 6014.4 (3) 0.35 6009 2.6 6012.9 0.15 

(continued next page) 
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' 
Line Present Work Schmidt Iragaray · Rasmussen Com-
No. mentet a1< 6 0) et al( 56 ) et a1< 57 )

E- E-I E- IEy Iy y y y y y 

26 5999 . 3 (1) 1.20 6003 5996 1.7 5999.5 0.47 88 

5927 5926 0.66 

5906.5 0.14 

5887 

27 5874.3(2) 0.20 5873 

28 5850.0(2) 0.35 5853 5852 0.71 88 

5823.7 0.74 

29 5790.8(1) 1. 86 5791 5789 4.6 5790.4 1.71 88** 

30 5749.3(2) 0.20 5744 5753 5751.7 ' 0 ~ 09 

5706.7 0.14 

31 5685.4(1) 1.62 5687 5686 5.1 5686.1 0.77 88** 

5669 

5628 

5611.1 0.10 

32 5593.8(2) O'. 2 5 5590 5588 . . ~ 5593.1 0.24 88 

33 5577.3(2) 0.20 5570 5579.5 0.10 88 

5559.2 0.09 

34 5529.6(2) 0.20 5538 5535 

35 5518.5(2) 0.20 

5505 

36 5495.5(2) 0.10 5490 

37 5451. 7 (2) 0.10 5458 88 

38 5423.3(1) 1.32 5424 5423 4.9 5424.1 0.98 88** 

39 5409.9(2) 0.36 5409.9 0.13 

40 . 5391.8(2) 0.25 5397.5 0.09 

41 5386.1(2) 0.25 5391 5384 1.4 5386.3 0.30 

42 5361.5(1) 0.50 5366 5360 1.4 5361. 6 ,o. 38 88** 

5322.5 0.22 

43 5300.8(1) 0.70 . 5304 5301 2.0 5301.0 0.54 88 

(continued next pa9e) 



164 


Line . Present Work Schm~dt Iragaray Rasmussen Com-
No • 

~ 

et al (60) et al <56 > et ~1< 57 > ment 

E I E- E-I E- I y y y y y y y 

44 5276.8(1) 0.55 5279 5277 2.6 5276.9 0.42 88 

45 5256.3(2) 0.15 88 

46 5240.4(2) 0.30 5245 5242 1.4 5244.0 0.27 

47 5218.2 .(2) 0.15 

5200.2 0.19 

5189 

48 5161. 5 (1) 1. 30 5162 5161 3.7 5162.0 1.60 88** 

49 5116.5(2) 0.25 5115.2 0.19 

50 5101. 7 (2) 0.20 5106 . 5104 5102.9 0.14 88 

51 5076.3(2) 0.25 5074 5075.6 0.33 

52 5055.3(2) 0.15 5053 5056.1 0.11 

53 5010.8(2) 0.15 5007.3 0.28 

54 4987.6(1) 0.60 4988 4990 1.1 4988.0 0.54 88 

4980 

4944 4945.2 0.85 13c 

4918 4912.2 0.08 

4900 1.1 

4888 

55 4877.0(2) 0.08 

56 4854.7(2) 0.20 4855 4852 4852.5 0.25 88 

4833 4810.5 0.32 

57 4 7 9 4 .• 5 (2,) 0.15 4795.0 o·.15 

58 4770.6(2) 0.15 4771.9 0.11 

. 4752 4748.6 0.08 

59 4743 (2) 0.08 4743.6 0.10 88** 

4732 0.9 

60 4724(2) 0.08 88 

61 4708(2) 0.08 4712 4715 

4700.5 0.15 

62 4676(2) 0.10 4679 4665 . 4671.8 0.08 Fe? 

(continued next page) 
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Line Present Work Schmidt · Iragaray Rasmussen Com-

No. 56 57 ment
· et al( 60) et al < > et al < > 

E- E-I E- IEy Iy y y y y y 

63 46 36. 0 .(1) 0.50 4642 4636 4635.8 0.26 

64 4604.8(1) 1.75 4610 4604 3.7 4605.4 1.42 88 

65 4583.3(1) 0.53 4587 4581 1.1 4583.7 . 0. 34 

66 4552. 0 (2) 0.30 4560 4552 4553.9 0.12 88 

67 4528.5(2) 0.42 4533 4529 4529.6 0.24 

4517.6 0.08 

68 4499.0 (2) 0.36 4503 4494 4500.2 0.38 

4476 4478 

4439 

69 4417.7(1) 0.42 4417 4415 1.7 4416.7 0.57 (41Ca) 

4403 

4392.2 0.19 

70 4371.9(2) 0.15 4375 4371.9 0.13 

71 4348.1(2) 0.25 4350 4350.2 0.08 88 

72 4323.0(2) 0.35 4324 4321 4324.7 0.17 

73 ' 4305.8(2) 0 . ·25 4308 4299 4306.0 0.31 

74 4287.7(2) 0.10 4295 4297.2 0.06 88 

75 4276.0(2) 0.08 4281 4276.6 0.08 

76 4264.7(2) 0.15 4263 4259 1.7 4259.6 0.19 

4241 

77 4196.8(2) 0.15 4204 

78 4174.2(2) 0.50 4182 

79 43:-55.7(1) 0.55 4160 4152 4157.7 0.25 

4132 4127.8 0.21 

80 4102.1(2) 0.25 4100 

81 4077.0(l) 0.40 4074 4079.4 0.28 

82 4054.7(2) 0.20 4052 

4036.2 0.38 

83 4020.5(2) 1. 62 4025 4021 4.9 4020.4 0.22 88 

(continued next page) 
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Line - Present Work Schmidt Iragaray Rasmussen Corn-

No. et a1( 60) et al(S 6 ) et a1< 57 ) ment 


E I E- E-I E- I. y y y y y y y 

84 3996.4(2) 0.15 3996 

85 3975.2(1) 0.52 3973 3975 2.3 3975.8 0.33 88 

3956 3965 2.3 

86 3904.9(2) 0.20 3907 3905.3 0.11 

87 38 89. 8 -(2) 0.15 3887 3887.9 0.12 

88 3880.8(2) 0.15 3869 88 

89 3857.0(2) 0.25 

90 3826.8(2) 0.25 3827 88 

91 3805.3(2) 0.20 

92 3773.0(2) 0.30 3765 · 3772 3770.9 0.28 88 

3756.9 0.09 

3737 3745.5 0.21 

93 3701.7(2) 0.25 3704.5 0.30 88 

94 3686. 0 (2) 0.25 3691  C? 

3678 

95 3654.1(2) 0.25 3656 88 

3638.8 0.27 

96 3614.1(2) 0.20 3620 3620.5 0.17 

97 3589.0(2) 0.25 . I - . 3589.3 0.10 

98 3540.3(2) 0.50 3547 3542.0 0.51 88 

99 3522.6(1) 0.50 3529 3524.0 0.26 88 

100 3487.0(2) 1. 20 3490 . 3488 4.6 3488.8 0.51 88** 

101 3464.6(2) 0.15 3465.5 0.14 

102 3451.8(2) 0.25 3452.4 0.22 

103 3428.0(2) 0.20 3424.7 0.61 88 

3397.6 0.22 

3385.8 0.12 

3371. 7 0.26 

3356.7 0.20 

3337.4 0.38 

3318.l 0.31 

3302.1 0.16 

(continued next page) 
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Line Present Work Schmidt Irigaray Rasmussen CommentNo. et al( 6 0) et al <56 > et ~1< 57 > 
E . I E- E-I r- r · 

y y y y y yY. 

104 3277.0 0.20 3277.1 0.28 88 

105 3220.0(1) 0.60 3228 3224 3219.1 0.99 88** 

3189.8 0.27 

3135.4 0.12 

3111.5 0.44 

106 3086.3(2) 0.20 3090.8 0.14 

107 3060.5(2) 0.15 3057.1 0.14 88 

108 3044.6(2) 0.50 3044.5 . 0.33 

3032.3 0.32 

109 3009.5(1) 8.0 3010 3010 16.6 3009.5 5.90 88** 

3957.3 0.74 

110 2903.6(2) 0.45 2905 2902.6 0.23 88 

2828.2 0.19 

2802.3 0.26 

111 2783.1(2) 0.70 2785.9 0.22 88 

112 2758.0(2) 0.90 2766.6 0.65 88 

113 2734.1(.5) 0.70 2734 2731 2736.9 1.11 88** 

114 2677.7(.5) 0~42 2682 2680 2678.2 0.45 88** 

2659.9 0.84 

115 2615.7 0.70 88** 

116 2577.8(.5) 1.70 2578 2579 2578.1 3.18 88** 

2571 

2550.6 0.40 

2542.0 0.20 

2489.3 0.25 

2457.9 2.90 

2437 2443 

117 2391.4(1) 4.05 2396 2392 '8. 6 2391.5 5.05 88** 

118 2367.6(1) 0.50 2368 2370 2363.2 0.35 88** 

(Continued next page) 
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Line Present Work Schmidt Iragaray Rasmussen Com-
No. et al (6 0) et al <56 ) et a1< 57 ) ment 

E I E- E-I r- I-y y y y y y y 

119 2354.0(2) 0.50 2349 2351 

120 2335.2(2) 0.25 2332 2333 6.6 2336.9 0.41 88** 

121 2316.9(2) 0.70 2320 2313 2314.9 0.23 88 

122 2298.8(2) 0.60 2306 2296 2290.8 0.24 88 

123 2276.4(1) 3.75 2279 2276 9.7 2276.8 3.50 88** 

124 2252.5(1) 1.36 2256 2254 2251.2 0.23 188 

125 2203.4(1) 2.50 2206 2202 4.9 88** 

126 2166.5(2) 0.35 2167 2164 2168.9 2.48 88** 

127 2159.3(2) 0.30 88 

128 2140. 4 (2) 0.35 2148 2140 2142.6 o·. 48 88 

2130 

129 2111.5(1) 2.95 2113 2112 3.1 2111.0 1. 47 88** 

130 2082.0(2) 0.60 2082 2081.2 0.39 88 

2063 

2053.5 0.29 

2027 

2012 

1982.2 0.38 

1969.3 0.61 

131 1953.7(1) 2.03 1955 88 

132 1934.1(1) 1.52 1935 1935 1.4 88 

1920 1922.8 0.36 

. 133 1910.3(2) 1.0 1910.2 0.61 88 

134 1902.5(2) 1.0 1902 88 

135 1881.6(2) 2.0 1880 1880 0.9 1891.7 1. 05 88 

136 1836.1(.5) 100. 1836 1836 100. 1835.9 100. 88** 

137 1799.1(1) 3.1 1799 1799 2.6 17 9.9. 8 1.66 88** 

1786.6 0.48 

138 1779.8(2) 1.5 1774.4 0.71 

139 1761.1(2) 1.66 1766 88 

140 1737.0(2) 2.1 1741 1735 1738.2 0.63 88** 

88**+28Al 

(continued next Page) 
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Line · Present Work Schmidt Iragaray Rasmussen Com-
No. mentet · al( 6 0) et a1< 56 ) et a1< 57 ) 

E I E- E-I E- I y y y y y y y 

88**141 1718.0(2) 10.0 1714 1717 10.9 1718.4 3.85 

1709 

1687.6 0.63 
88142 1678.4(2) .o. 8 	 1676.9 0.81 

1661.9 1. 04 

- 1589 

143 1566.4(2) 1.0 1559 1560 1564.3 0.79 88 

144 1535.2(1) 2.5 1538 1537 1.1 1535.l 1.87 88** 

145 1492.9(1) 1.0 1500 1496 1.1 88** 

146 1474.4(1) 0.8 1473 1475 0.6 88 

147 1442.1(1) 1.96 1443 1440 1.7 88 

148 1434.9(1) 1. 96 88** 

1413 1419 

1400 

149 1383.0(l) 2.24 1388 1385 2.9 1382.4 0.93 88** 

1365.7 1. 31 

1347 1347 0.51 2368" 

1330 1324 1.1 1836' 

150 1304.6(2) 1.0 1311 

151 1218.5(1) 4.64 1220 1219 4.0 1218.6 2.46 88 

152 1181.0 (2) 2.00 88 

1161 

153 115 0. 8 ( 2-) 0.25 1145 88** 

154 1058.1(2) 0.62 1059 88 

1052 

155 1039. 7 (2) 0.20 (bgnd) 

1029 

156 993.6(2) 0.10 88 

157 974.8(2) 0.10 981 88** 

158 962.2(1) 0.10 960.7 0.43 (88) 

(continued next page) 
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Line Present Work Schmidt ~ragar~y Rasmussen Com

No. ment
et a1' 60) e~ al( 56 ) et a1< 57 ) 

E- E-I E- II 
y y y y y y 

942 0.43 

159 937.0(1) 0.40 936 936 0.43 88 

160 918.1(2) 0.10 88 

161 898.0(.5)64.0 897 898 45.7 897.9 32.3 88** 

162 ·867.6 "(1) 1.30 863 868 868.9 0.39 88** 

163 .·aso.·5(.5)24.6 850 851 19.2 850.4 13.90 88** 

164 788~0(2) 0.4 

727 731.6 0.51 

723.5 0.79 

714 

695.5 0.69 

685 

666.5 0.27 

645 650.9 -5.15 

633 

596.0 1.04 

165 585.5(.5) 5.2 586 585 4.6 585.7 2.14 · 88** 

576.4 0.43 

558.5 15.90 

166 484.0(1) 2.35 484 483 2.0 484.9 0.38 87 

464 

167 434.0(l) 2.42 434 434 1.4 434.9 2.15 88 

423.2 0.23 

418.2 0.32 

410.4 0.19 

401.1 0 .. 31 

168 . 388.0(1) 6.93 388 388 4.9 387.7 0.90 87 

378 

*Intensity errors are estimated to be 10% or 0.02 whichever is 
greater. 

1836All intensities quoted are normalized to r = 100. 

*** Numbers refer to strontium isotopic assignment of the gamma rays. 
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depicted in figure 4-3) for each detector used. ~gain the 

major spectrum used for this purpose was that shown in 

figure 6-1. In the case where both photo-peak and double-

escape peaks were detected for a gamma ray it was possible 

to obtain two estimates of its intensity and take the average. 

To aid in distinguishing photo-peaks from double-escape peaks 

the ratio of photo-peak to double-escape peak areas was plot

ted as a function of gamma-ray energy for the counter used 

to obtain the spectrum in figure 6-1. This ratio is depicted 

in figure 6-2. The intensities listed in Table 6-2 for the 

gamma-ray lines are average values obtained from two spectra 

collected with two different detectors with different active 

volumes and hence different photo-peak to double-escape peak 

area ratios. The -intensities of the weaker lines were obtained 

from the peak areas in figure 6-1. By comparing two spectra 

obtained with two different detectors it was possible to 

eliminate most of the ambiguities as to whether a particular 

peak is a photo-peak or double-escape peak but some are still 

listed as ambiguous as noted in Table 6-2. The intensities 

listed for the gamma rays were normalized to 100 for the 1836 

keV line. The intensities for the lines observed by Irigaray 

et.al. (S 6 ) and Rasmussen et.al~S?) were renormalized to 100 

for the 1836 keV line for ease of comparison. A comparison 

of the corresponding intensities obtained by the various re
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search groups shows that for the high energy__ganuna · rays the 

intensities obtained in the present work fall in between .the 


56
values obtained by Irigaray· ·et.-al. ( } and Rasmussen et.al. <5?>. 
However at lower energies the values obtained in this work tend 

to be higher than those reported by the other two groups. A 

study of the decay modes presented in later sections for the 

87 88sr(n,y) sr reaction shows that the intensities obtained 

here are quite reasonable. The errors associated with the 

intensity measurements are of the order of ten percent. 

6-2 Co~ncidence Results 

The gamma-gamma coincidence experiment carried out on 

the strontium isotopes employed a NaI(Tl}-Ge(Li) configura

"tion with the NaI(Tl) crystal covering the low energy range 

from 0 to 3 MeV and the Ge(Li) detector covering the total 

energy range from 0 to 8.5. ·The Ge(Li} counter used had an 

active volume of about 15 cc. so that · it had relatively good 

efficiency at the high energy end. To retain the energy 
I 

resolution in the NaI dimension 128 channels were found to be 

sufficient giving a gain of about 25 keV per channel. The 

minimum that could be used in the Ge(Li} dimension was 512 

channels giving a gain of about 16 keV per channel. This 

provides only two channels per peak at the very most. The 

memory size required then was 64K which is four times greater 
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than the analyzer memory size. Hence coincidence events 

were recorded as address encoded events as discussed in 

section 3-8. 

The coincidence circuit used was found to be nearly 

100% efficient at a resolving time of 2T = 60 nsec. The 

count rate was 30 coincidence events per second with a 

chance rate of 15%. At this rate it took about 40 hours to 

fill one magnetic tape 2400 feet long written at 556 bits per 

inch. As soon as each tape was . filled the events were sorted 

out in the analyzer in four passes of the magnetic tape. This 

requireq about two hours per tape. A total of 10 tapes were 

filled with the address encoded events over a period of three 

weeks of continuous running time. 

The final ~esult then was 10 runs consisting of a 

128 by 512 channel coincidence array each. There were some 

minor gain and zero shifts in both dimensions over the three 

week period of data collection. However these were easily 

corrected for by shifting the arrays in the computer so that 

the gains of all runs were identical. The coincidence .data 

were then gathered up into one two-dimensiopal array of 128 

channels in the Nal dimension and 512 channels in the solid 

state dimension. Attempts were made to smooth the data and 

then to calculate a background function for the coincidence 

surface in order that compton . contributions could be removed. 
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However the statistics were inadequate in most regions of 

the surface and this technique of data treatment was found 

to have only limited usefulness. In general it was easier 

to analyse the original array in detail in order to find 

the coincidence relationships. 

The 88Sr nucleus . rath . unique. h . a 4+ 5+is er aving , 

capture state and a ground state spin and parity of o+. Thus 

most cascades are expected to have at least three members 

~and most gamma rays are expe·cted to be in coincidence with 

the intense 1836 keV gamma ray de-exciting the first 2+ 

state. The detection of a gamma ray in coincidence with the 

1836 keV gamma ray actually provides a means of distinguishing 

between gamma rays de-exciting levels in 88sr and those de

exciting levels in 87sr. Also since about 60% of the inten

sity to the 1836 keV level is provided by the 898 keV gamma 

ray, the observance of a gamma ray in coincidence with this 

line also provides a method of making isotopic assignments 

to the gamma rays. Figures 6-3 and 6-4 show the high energy 

portion of the Ge(Li) spectra in coincidence with the 898 and 

1836 keV gamma rays in the Nal dimension respectively. These 

coincidence spectra were obtained by summing up the Ge(Li) 

spectra over the respective peaks in the Nal dimension and 

subtracting from these sums an equal number of background 

spectra obtained from the wings of the peaks. These coinci

dence results were then used to assign some previously un



Figure 6-3. Ge(Li) spectrum in coincidence with 

the 898 keV ganuna-ray 
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Figure 6-4. Ge(Li) spectrum in coincidence with 

the 1836 keV gamma-·ray 
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87 88assigned lines to the Sr(n,y} Sr decay scheme. By- examining 

the Ge(Li} spectra in coincidence ·with the 511 keV gamma ray 

it was possible to identify many double-escape peaks in the 

high energy end. However most of the lines between 2 and 5 

MeV are weak and it was thus impossible to distinguish the 

double escape peaks from the photo-peaks on the basis of 

coincidence with the 511 keV peak. 

Many more coincidence · relationshiE$ were detected. 

These are all listed in matrix form in figure 6-5. Some of 

these coincidence relationships were used to establish new 

88levels and/or confirm new levels in sr as will be shown 

in later sections. The coincidence of the 5161 keV line with 

the 434 keV line is shown in figure 6-6. This established the 

88434 k e ine as b e 1 · o the ecay sch eme. AnothV 1 . onging t _ sr d er 

important coincidence relationship is that of the 1218 keV 

line with the 898 keV line as depicted in figure 6-7. In all 

73 coincidence relationships were detected. Most coincidences 

were observed by examining the Ge(Li) spectra in coincidence 

with peaks in the Nal dimension as this provided the most 

sensitive test for coincidence relationships. 

6-3 !nitial Decay Scheme Construction by Computer 

The singles and coincidence results were initially 

used to construct a basic decay scheme for the 87 sr(n,y} 88 sr 
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Figure 6-6. Ge(Li) spectrum in coincidence with 

the 434 keV gamma-ray 
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Figure 6-7. Low energy Ge(Li) spectrum in coincidence 

with the 898 keV gamma- ray 
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reaction. For this purpose a computer program DCYSCH was 

coded to aid in the actual construction of the decay scheme 

based on levels deduced either from the beta-decay work dis

cussed in the previous chapter or from the strong primary 

gamma rays observed in the (n,y} study. The input data re

quired for the program included the gamma-ray transition 

energies, errors and intensities and the level energies and 

errors. Four gamma-rays were initially removed from the list 

of 168 gamma rays in Table 6-2 because they belong to the 

86 87Sr(n,y) Sr decay scheme. This left 164 transitions most 

87of which are expected to fit into the sr(n,y) 88sr decay 

scheme. The output of the DCYSCH program suggests all pos

sible fits for the gamma-ray transitions as outlined below. 

A set of level differences were calculated as, 

. {D1.} = {L~ - Lj} I j=l, 1-1 
J 

L being the energy of the capture state. A search was then1 

made for all sets of gamma-ray transitions Ti and Tk satis

fying the following rel~tionship, 

k=i+l,n 

j=l, 1-1. 

Here a is the number of standard deviations within which the 
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quantity on the left hand side of the inequality is required 

to clos~. As a straightforward calculation of all the differen

ces required by the above inequality would require the order 

of n 2 t/2 comparisons, it was necessary to use a fast computer 

search algorithm ·to find the pairs of gamma-ray transitions 

satisfying this inequality. Actually for each T. there was 
J. 

usually only one Tk which would satisfy the inequality. It 

was found that the fastest computer search algorithm was 

provided by arranging the garruna-ray transitions in order of 

~ncreasing energy and · then making a least squares fit for 

the gamma-ray number associated with ,each gamma-ray energy. 

Then for each T. the search is made starting at the least 
J. 

squares value of k. If the average number of comparisons 

-required for each T. is n', then the total number of compari
. J. 

sons required is only of the order nn't/2 where n'<<n. 

For a certain combination Ti' + Tk' which fits the 

difference Dt., within the allowed errors two possible 
J 

assignments for each of the gamma rays were considered, 

+T.' Lt (L. ' + Tk')J. J 

(L. I+T. ') + L.'J . 1 J 

Lt + (L.' + T. I)
J J. 

(Lj ,+Tk I) + L., . 
J 

As well as the gamma-ray transition ener·gies, errors and in

tensities and the level energies and ~rrors, the input data 

for the program included all transition assignments which 

were fixed in the decay scheme as well. For instance the 
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ganuna-ray transition of energy 1836.1 keV was always . given 

the fixed assignment, 

1836.1 1836.1 ~ o. 

Thus if the transition T., has been given a fixed assignment
i 

and it does not correspond to one of the two assignments 

listed above, all four transition assignments were excluded 

from the final list of possible solutions. If the fixed as

signment given to T., does correspond to one of those listed 
1 

above, that assignment and the corresponding one for Tk' were 

treated as possible assignments provided that Tk, has not been 

given a fixed assignment or if it has, it corresponds to one 

of . those listed. Also if a fixed transition has been 

"referenced'' it is so indicated by the program output. The 

program output lists all the possible locations for each gamma-

ray transition T. indicating whether it has been fixed in the 
1 

decay scheme, has a unique assignment or has a number of 

ambiguous assignments. The program described above has been 

coded in the subroutine FITGAM for which the complete flow 

chart is shown in Appendix A. 

The program then performs intensity calculations in 

the subroutine INTENS which calculates the intensity balance 

across each level. For each level six parameters were calcu

lated, namely, 

(1) the sum of the intensities of the possible transitions 
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to the level 

(2) 	 the sum of the intensities of the fixed transitions 


to the level 


(3) 	 the sum of the intensities of the uniq~e transitions 


to the level 


(4) 	 the sum of the intensities of the possible transitions 


from the level 


(5) 	 the sum of the intensities of the fixed transitions 


from the level , and 


(6) 	 the sum of the intensities of the unique transitions 


from the level. 


A comparison of the corresponding intensities to and from a 

level gave an indi~ation of how well the gamma-ray transition 

assignments were made at each step in the decay scheme fitting 

program. On the average however it is expected that the 

intensity from a given level will be greater than the intensity 

to this level because of the greater number of missed weak 

transitions expected for a statistical decay process such as 

discussed here. This is so since for a given level a few MeV 

above the ground state there are a great many more modes of 

population than of de-excitation. Thus the de-excitation 

radiation intensity is concentrated in a few strong transi

tions whereas the populating radiation is dispersed among 
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many weaker transitions making it impossible to detect the 

weakest transitions. Besides providing a comparison of the 

intensities to and from each level this subroutine also 

provides a list of the gamma-ray transitions to and from 

each level. The complete flow chart for INTENS is drawn in 

Appendix A. 

The next step performed by the program was to check 

all of the transition assignments as to whether or not they 

proceeded between known levels. All transitions which did 

proceed between known levels and proceeded to a level which 

had a mode of de-excitation were then fixed in position. Then 

the subroutine FITGAM was entered again to create a new 

list of transition assignments consistent with the fixed 

assignments just generated, thus reducing the number of 

possible fits accordingly. The subroutine INTENS was used 

again to calculate intensities in and out of _the levels as 

well as to generate the lists of transitions to and from 

each level. At this point changes could be made in the in

put data list according to· the output data and information 

gained from other sources, and the .program DCYSCH run again. 

The program 	DCYSCH was initially tested out on the 

31 32 .decay scheme 	of the P(n,y) P reaction which had been 

39constructed(l > on the basis of known (d,p) levels with 

typical errors of ± 6 keV and using the 65 gamma-ray transi
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tions observed in the spectrum. A total of 58 levels were 

known from (d,·p) data. When the three lowest energy gamma-

ray transitions were fixed in their proper positions in the 

decay scheme the program managed to find the correct transi

tion assignments . for 57 of the gamma rays. The other gamma-

ray transitions were then easily fit manually by ensuring 

proper intensity balances across the levels. A typical run 

of the program required 25 seconds of machine time on the 

CDC 6400 computer. 

87 88For the initial fit on the Sr(n,y) Sr decay 


scheme the input data included 164 gamma-ray transitions and 


20 levels. The 164 gamma-ray transitions used were those 


listed in Table 6-2 excluding the four gamma rays which have 


86 87 .·been assigned to the sr (n,y) Sr reaction on the basis of 

the energy levels at 388 keV and 872 keV established by a 
87 (51) 

study of the positron decay of Y. These four gamma-

ray transitions are shown in the decay scheme in figure 6-11. 

The initial 20 levels used in the input data list for the 

87 88initial construction of the Sr(n,y) Sr decay scheme ln

88
eluded those determined from the beta decay of Rb as 


reported in the previous chapter and those populated by the 


stronger primary trans~tions. These 20 levels are marked by 


an x on the decay scheme in figure ·6-10. Below 5 MeV the only 

levels used which were not populated in beta decay are the 
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three levels at 4170, 4227 and 4452 keV. These three 

levels as well as the six levels above 5 MeV are populated 

directly by strong primary transitions which were detected 

in coincidence with the 1836 keV gamma ray. The levels at 

47~3, 4514, 3220 and 1836 keV are not populated directly 

by primary transitions. The decay modes of these levels are 

well known from beta decay so that the gamma-ray transitions 

de-exciting these levels were fixed in the decay scheme for 

the DCYSCH program. Using the program it was possible to 

make 45 unique gamma-ray transition assignments involving the 

20 levels, the ground state and the capture state. The 

transitions thus assigned are marked as 88** in the comment 

column of Tabl.e 6-2. These assignments include most of the 

assignments made by Schmidt et.al. (60) as well as 24 more,- · 
but there are some disagreements. Here the 3487 keV line is 

assigned as de-exciting the 3487 keV level as in the beta

· decay of 88Rb. This level is populated by the 2203 keV 

line which Schmidt et.al. (6 0) had postulated as de-exciting 

the 5426 keV level. This latter assignment is impossible 

based on the energy and error of the 2203 keV line. Also on 

the basis of energy measurements and errors it is impossible 

for the 5685 keV and 5423 keV lines to form a two-step 

cascade to the ground state. The 4418 keV line cannot de

. . 1 (60}excite the 4414 keV level as suggested by Schmidt e t .a . 
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88as it was not observed in the beta-decay of Rb. In fact 

the 4418 keV line is suspected as being due partly to calcium 

contamination in the sample. A line was observed in the 

singles spectrum at 4855 keV; however a line at 2119 keV was 

not observed. Therefore it is probable that the 4854 keV 

level is not populated in the neutron capture reaction 

87Sr(n,y)88$r. 

An attempt was made to determine the significance of 

the number of two-step cascades to a level at energy E in 

the final nucleus by calculating the number of combinations 

N{E) satisfying the inequality, 

as a function of energy. Then defining N as the average 

number of two-step combinations over an energy interval, the 

probability of there being N combinations in that interval is 

given by the Poisson distribution, 

-N _N 
P-(N) = N e

N N! 

One can then define the probability that this number of com

binations does not correspond to a real level as, 

00 N-1 
E PN(i) = 1 - L PN(i). 

i=N i=o 

However the number N includes random as well as real two-step 
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combinations and as the number of random two-step Qombi

nations .were quite significant it was in general difficult 

to determine the reliability of the value found for N. Also 

some of the real two-step combinations were no ·doubt missed 

due to the inability to detect the weaker members of the 

cascades. Thus the probability of a real level being found 

using this technique could only be relied on if most of the 

real two-step combinations were detected and if the number 

of random combinations could be reduced by means of more ac

curate energy measurements. It was also found that the number 

of chance combinations satisfying the relation, 

T + T = T a b c 

within the allowed errors, 

was too great to warrant a study of these relationships. In 

fact for the 164 gamma rays and a value of a = 0.5, there 

were 411 combinations, whereas for a random set of 164 gamma 

rays there were 391 chance combinations. 

However a study of the output of the DCYSCH program 

indicated a means of determining whether more gamma rays 

could be fitted into the decay scheme. The initial use of the 

program resulted in the fitting of 45 gamma rays, representing 

83.5% of the total gamma intensity of the 164 lines, in the 
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87 88sr(n,y} sr decay scheme. It also indicated that there 

were a possible 269 transition assignments for the remaining 

119 unassigned gamma rays within two step cascades between 

the capture state and the 21 input levels including the 

ground state. The DCYSCH program was then run with . the 45 

assigned transitions as fixed and with the remaining 119 

gamma-ray energies randomized. The output indicated that 

there were only 207 possible transition assignments for the 

randomized 119 gamma rays. Thus it should be possible to 

add about 25% of the 269 possible assignments for the re

maining 119 unassigned gamma rays to the decay scheme. This 

indicates that it should be possible to fit about 100 gamma 

rays in the 87 sr(n,y) 88sr decay scheme with the 20 levels 

defined before forming the basis of the level structure in 

88 sr. It was also clear from the program output that other 

87levels must be populated in the sr(n,y) 88sr reaction below 

6 MeV as the intensity into some levels was greater than the 

intensity out. A computer technique is presented in the 

next section to find some more levels which may be populated 

. 87 88in the · Sr(n,y) Sr reaction. 

6-4 Computer Search For Other Levels Populated 

In order to accommodate some of the other transitions 

which have not yet been assigned some other levels must be 
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populated. To find the location of ·these levels, c;i computer 

program COMB was coded to deal with one-step combinations with 

existing levels to a level at energy E. In the program a 

search is made for all combinations of the. transitions with 

the known level energies to a possible level energy E satis

fying the relationship, 

, i=l,n 

j=l,R--1. 

The number of combinations m satisfying the above relation

~hip for each energy E is calculated in steps of oE which 

are les~ than the minimum possible e~ror, 

~ 
[a (~L ~ + ~T ~ ) 2

] •
J 1 min. 

In general it is desirable to look at the parameter m over 

the whole energy excitation range from the ground state to 

the capture state . . If at a particular energy E there is a 

large number of combinations, this could indicate evidence 

for a level at this excitation energy. 

It is desirable to know the significance of the 

number of combinations m to a certain excitation energy E. 

This is done using an auxiliary program RCMB which was coded 

to calculate the probability of obtaining a random number 

of combinations in a given energy region. The probability 

that the level L. will combine with a gamma-ray transition 
J 
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T. to result in a level at E is defined by,
l. 

S. = ·~E L. (LlL~ + Ll.T7) ~ 
J u . J l..

J_ 

where the sum is performed over all gamma rays satisfying 

the relationship, 

where the energy region &E is sufficiently large to provide 

a good average. In all calculations performed with RCMB 

the energy interval was chosen to be 100 keV as the values 

of S. obtained for LlE = 200 did not differ significantly
J 

from those for LlE=lOO. From the definition of S. it can 
J 

be seen that (1-S.) is the probability that the level L. 
J 	 J 

does not combine with any gamma-ray transition to form a 

level at E. Then .the probability of no combinations of the 

~ levels with the gamma-ray transitions forming a level at 

excitation energy E is given by, 

~ 

P(o) = TI (1-S.) . 
Jj=l 

Similarly the probability that one and only one level forms 

a combination to energy E is given by, 

t 
[S. 	 TI (1-S.}]. 

J1 jtjl J 

And in general the probability that m and only m levels 

combine with the gamma-ray transitions to form an energy level 

at E is given by, 
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~-m+l t-m+2 ~ ~ 
P(m) = L S . ( L. S . .x... ••x ( E [ S . n (1-S j ) ] . . . ) 

jm=l Jm jm-l=jm+l Jm-1 · j1=j2+1 J1 jtj1tj2r···tjm 

To perform a calculation of these probabilities on the computer 

using the above formula it must be realized that the number 

of multiplications required varies as im/m! As it took appro

ximately 120 seconds of computing time to calculate P(S) for 

one value of E, using the above formula it would be impossible 

to calculate P(m) for values of m larger than 5 in any reasonable 

computing time. Fortunately the values of P(m) can be cal

culated in much faster time by realizing the simple recursion 

relationships which they obey. P(l) can be written as, 

~ s. 
p ·( 1 ) = p (0) L (IT) 

j=l J 

[s 0 1 
= P(o) + s ]1 1 

i s. 
where sl = E ( J } and so = 

k kj=k+l 1-Sj 

Then in turn p (2) can be written as, 

t-1 
p (2) = P (o) [ E (sc:> S~)] 

j=l J * J 

= P (o) [So * sl + S2] 
. 1 1 1 

2 i-1 1 
where s 1 = E sc:> * S. Then in general the probability

j=2 J J 
P(m) can be written, 
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P (m} = P (o} 

where the following recursion formula holds, 

t-m+l 
E s<? * s.m-1 

m > 2. 
Jj=k+l J 

Using the above formula for P(m) the calculation time varies 

linearly with m and is no longer prohibitive. The typical 

computation time to calculate 5000 values of P(m) form ranging 

from 0 to 10 was now only 20 seconds on the CDC 6400. 

It is to be noted that the n9rmalization condition, 
(X) 

~ P(m)=l holds for the probabilities. A check of the com
m=o 
puter calculations verified this condition. However the co

efficients of interest are not the P(m) but rather 
(X) m-1 

R(m) = 2: p (i) = 1 - 2: p (i) I 

i=m i=o 

which give the probability of forming m or more combinations 

at a certain excitation energy E. The number of occurrences 

of m or more random combinations in a given energy region 

consisting of k steps of oE is then given by, 

N{m} = kR(m) 

where R1iilf is the average value of R(m} in that energy region. 

This value of N(m) then is to be compared with M(m) the number 

of occurrences of m or more combinations observed in the 

energy region of interest by means of the program COMB. The 
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number of possible levels (real and random) associated with 

the M(m) occurrences of m or more combinations is referred 

to by µ(m). Then the number of random distinct levels 

formed by m.or more combinations is given by 

· N (rn) 
v(m) =µ(m) (M(m)). 

Then for a random distribution of levels the probability of 

observing x levels is given by the Poisson distribution, 


x -v 

P (x) = v e 


v .x! 

The probability that all µ observed levels are random is 

given by, 
00 µ-1µp = l: P (x) = 1 - l: P (x)

v v v x=µ x==O 

· while the probability that only one of the levels are random 

is given by, 
00 

l " p = l: Pv(x) = 1 - Pv(o).v x==l 

The above formulae have been tested by using a random set of 

gamma-ray energies generated from the original set and found 

to describe the probabilities quite well quantitatively. 

The programs COMB and RCMB were initially used with 

the 20 levels and 45 fixed transitions as determined pre

viously by DCYSCH. The flow chart .in Appendix A indicates 

how these programs are all combined. The remaining 119 gamma-

ray transitions were allowed to combine with the 20 levels, 
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the grourid state and the capture state to form new . levels. 

The number of ·combinations was calculated as a function of 

excitation energy in 1 keV steps which are smaller than the 

minimum possible error. Figure 6-8 shows a plot of the numper 

of combinations as a function of excitation energy for two 

energy regions of interest, 3800 to 4200 keV and 5200 to 

5600 keV. Only combinations greater than or equal to 3 are 

shown. 

Looking only at combinations of 4 or greater it can 

be seen that 6 new possible levels should be considered. How

ever some of these levels can be eliminated by other con

siderations. There are no primary transitions observed to 

the possible levels at 5301 and 5451 keV and one of the con

·tributors to each ·of the 4 combinations forming these levels 

is the ground state transition. Also there is no primary 

transition to the possible level at 4018 keV and two of the 

contributions are from the 434 keV gamma-ray transition to 

the 3584 keV level and from the 4452 keV level respectively. 

This leave s only the 3953, 5518 and 5537 keV levels to ~on

sider, each of which have a possible primary transition to it. 

In order to ascertain the significance of the number 

of combinations to each level the program RCMB was run with 

the same input parameters as COMB. The probabalities P(m) 

were calculated over the whole energy excitation range in 



Figure 6-8 - Number of combinations satisfying the 

~ 
relationship, 11 E-L. 1-T. I < Cl (L'lL~ + L'lT~) 2 as

J 1 - J 1 

a function of excitation energy E for the 20 

levels and 119 unassigned transitions as defined 

in the text. Only combinations equal to or grea

ter than 3 are shown. 
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steps of 50 keV for values of m from 1 to 10. Figure 6~9 shows 

a plot of the ·parameters R(m} on a semi-log plot. It should 

be noted that the parameters vary very rapidly as a function 

of energy and for one value of m may differ by as much as 3 

orders of magnitude over the whole energy range. The energy 

variation of each R(m) was also calculated for a set of 119 

random gamma-ray energies and found to give about the same 

values for R(m) at corresponding values of m and energy E. 

The number of m random combinations in a certain energy region 

consisting of k steps of oE is given by, 

N(m) = k R(m) . 

where R(m) is the average value of R(m) in that energy region. 

In the energy region 3800 to 4000 keV there is a 

possible new level at 3953 keV with 4 combinations. Accor

ding to RCMB there· should be .184 occurrences of 4 combina

tions in this region and thus, 

1 4v(4) = 1 x • ~ = .184. 

The probability of this one level being random is then, 

1 = l-e-.184 = . 168, i.e . 16.8%.P.184 

On the other hand if there had been only 3 combinations forming 

this level the probability of the level being random would 

have been 63.2%. The existence of the . 3953 keV level .also 

accounts for the detection of the 1218 keV gamma ray in coinci



Figure 6-9 - Plot of the parameters R (rn} as a function 

of excitation energy E for the 20 levels and 119 

unassigned transitions as 

Here, 
00 

R{m) = l: 
i=m 

where 

P (rn) = P (o) 

defined in the text. 

p {i) 

.Q.-rn+l 
[ l: 
j=l 

s'?*s1:1- 1 ]
J J 

and 
.Q, 

P(o) = 1T (1-S.)
Jj=l 

and 

a ~ 
S. = "El: (b.L. + b.T.) 2

•
J J lL.l •

l 

The above sum over i is performed over all gamma rays 

satisfying the energy relationship, 
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dence with the 898 keV transition. The strong 1218 keV 

transition was· previously unassigned. In the energy region 

4000 to 4200 keV there are 5 combinations forming a possible 

new level at 4018 keV with only a 1.2% probability of being 

random. However . if the two contributions to the 5 combinations 

due to the 434 keV transition are not counted, there are only 

3 combinations forming this possible _level and the level now 

has an 86.4% probability of being random. This level cannot 

be the 2+ level seen at 4030 keV in the (t,p) reaction< 75 ) as 

it 11es outside the errors 	and therefore will not be considered 

88 
as a possible new level in sr. 

In the energy region 5400 to 5600 keV there are 4 

occurrerices of 4 or more combinations forfuing a possible 3 new 

_ievels. The probabilities of one, two or all of the new levels 

being random are 39.4%, 8.9% and 0.9% respectively. Thus the 

probability of 2 of these levels being true levels is 91.1%. 

Also the level at 5518 keV has one occurrence of 7 combina

tions. Thus this level has only a 0.034% probability of 

being random .. 

At this point the programs COMB and . RCMB were run 

again with the 119 unassigned ganuna-rays and 22 levels this 

time including the two . levels at 5518 keV and 5537 keV. 

There were then found to be 5 combinations forming a level 

at 3953 keV. The level then had only a 2.3% probability of 
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being random. Subsequently the program DCYSCH was run 

this time with 23 levels besides the_ ground state and capture 

state. The three levels added were those at 3953, 5518 and 

5537 keV. The 45 transition assignments made before were 

fixed in position. Unique assignments were now found for 13 

more gamma rays making a total of 58 gamma rays fit comprising 

87.5% of the total intensity of the 164 gamma rays_. The 

previously unassigned 434 keV gamma-ray transition was fit 

from the 5952 keV level to the 5518 keV level satisfying 

energy, intensity and coincidence relationships. 

87 886-5 Final Decay Scheme Fit for sr(n,y) sr 

Although 58 transitions have been fit in the 

87 88Sr(n,y) Sr decay scheme a- few of the stronger transitions 

have not been assigned. Also the number of fits possible for 

the 106 remaining unassigned transitions is significantly 

greater than the number of fits possible for a random set 

of 106 gamma rays. Thus the computer programs were utilized 

again to find some new likely levels and hence transition 

assignments. 

Using COMB and RCMB a possible level at 7835 keV was 

located with 7 combinations and only a 2% probability of being 

random. This level provides an assignment for the previously 

unassigned 5999 keV transition. Other levels were also added 
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Strontium Neutron Separation Energies 

88(a) 	 Neutron Separation Energy for Sr 

E * E E E E Separation 
Y1 Y2 Y3 Y4 Y5 Energy 

8379.3 2734.1 11113.4 

8379.3 898.0 1836.l 11113.4 

7528.7 850.5 2734.1 11113.3 

7528.7 850.5 898.0 1836.1 11113.3 

7477.6 1799.1 1836.1 11112.8 

7160.1 1218.5 2734.1 11112.7 

7160.1 1218.5 898.0 1836.1 11112.7 

6943.l 2335.2 1836.1 11114.4 

6943.1 1434.9 2734.1 11112.1 

6943.l 1434.9 898.0 1836.1 11112.1 

6943.1 585.5 850.5 _2734.1 11113.2 

6943.l 585.5 850.5 898.0 1836.1 11113.2 

6885.6 2391. 4 1836.1 11113.1 

6885.6 1492.9 2734.1 11112.6 

6885.6 1492.9 898.0 1836.1 11112.6 

6843.0 1535.2 2734.1 11112 •. 3 

6843.0 1535.2 898.0 1836.1 11112.3 

6699.5 2577.8 1836.1 11113.4 

6661. 3 2615.7 1836.1 11113.1 

6661.3 1718.0 2734.1 11113.4 

6661.3 1718.0 898.0 1836.1 11113.4 

6661. 3 867.6 850.5 2734.1 11113.5 

(continued next pag ·:~ ) 
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* E 
Y1 

6661. 3 

6267.3 

6267.3 

6267.3 

6102.0 

6102.0 

6102.0 

6102.0 

5791. 0 

5791.0 

5685.6 

5685.6 

5423". 5 

5161. 7 

5161. 7 

5161. 7 

5161. 7 

E E 
Y2 Y3 

867.6 850.5 

3009.5 1836.1 

2111.5 2734.1 

2111.5 898.0 

2276.4 2734.1 

2276.4 898.0 

1058.1 1218.5 

1058.1 1218.5 

1737.0 850.5 

1737.0 850.5 

1474.4 1218.5 

1474.4 1218.5 

2203.4 3487.0 

2367.6 850.5 

2367.6 850.5 

434.0 2298.8 

434.0 2298.8 

Research Group 


Present Work 


Kinsey et.al. <36 ) 


Schmidt et.al. (60) 


Irigaray et.al. <
56 ) 


E 
Y4 

898.0 

1836.1 

1836.l 

2734.1 

898.0 

2734.1 

898.0 

2734.1 

898.0 

2734.1 

898.0 

3220.0 

1383.0 

Ave. 

E 
Y5 

Separation 
Energy 

1836.l 11113.5 

11112.9 

11112.9 

11112.9 

11112.5 

11112.5 

11112.7 

1836.l 11112.7 

11112.6 

1836.1 11112.6 

11112.6 

1836.1 11112.6 

11113.9 

11113.9 

1836.1 11113.9 

11114.5 

1836.l 11113.6 

Separation Energy 

11113.0 ± 0.6 

11140 ±50 

11111 ± 4 

11113.5 ± 1.5 

(continued next page) 
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87Sr(b) Neutron Separation Energy for 

E * E E Separation Energy 
Yr Y2 Y3 

8040.1 388.0 8428.l 

7556.3 484.0 388.0 8428.3 

Research Group Ave. Separation Energy 

Present Work 8428.2 ± 1.0 

Irigaray et.al. (56 ) 8428.5 ± 2.5 

*All energies in keV. Recoil energies · are included in the 
transition energies. 
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to the list of probable levels as follows. The level at 
8 8 (5 8) 

3523 keV was observed in the positron decay of Y . 

The level at 6258 keV corresponds to an t=l level seen in the 

87 88 .Sr(d,p) Sr reaction. Levels at 5262, 5812, 5836 and 6124 

were postulated on the basis of the relatively strong 5850, 

5277, 5301 and 4988 keV primary transitions. The_ level at 

7339 keV was postulated since the 4605 keV transition was 

detected in coincidence with the 898 keV transition. The only 

logical place for the 4020 keV transition- to be assigned was 

from the capture state to a level at 7092 keV; hence the 

postulation of a level at this energy. A level at 7573 keV 

was formed by 4 . combinations but has a fairly large percen

tage probability of being random. This gave a total of 33 

levels besides the ·ground st~te and capture state. With 

these 33 levels and 58 fixed transitions, the DCYSCH program 

managed to fit a total of 89 transitions. 

A run of COMB and RCMB with 33 levels and 89 fixed 

transitions indicated the existence of another level at 5077 

keV with only a 3.8% probability of being random. Adding 

this level to the list of levels and fixing the corresponding 

transitions indicated by a run of DCYSCH, the programs COMB 

and RCMB were run again. This run indicated the possible 

existence of levels at 5662 keV and 6388 keV with 5.2% and 

22% probability of being random, respectively. One more level 
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was postulated at 4300 on the basis of the primary 6813 keV 

transition and on the basis that a 4+ level at 4301 keV was 
88 (140} 

reported recently in a (p,p'} study on Sr This gave 

a total of 37 levels in all populated in the thermal neutron 

. 87 88capture reaction Sr(n,y) Sr. With another run of the pro

gram DCYSCH it was possible to fit a total of 103 gamma rays. 

A subsequent run of COMB and RCMB indicated that no 

other levels could be postulated with a very great percentage 

probability of betng true levels. Also the output of the 

final DCYSCH program indicated that there were 88 more possible 

fits for the remaining 61 unassigned ,gamma-ray transitions. 

A randomized list of 61 transitions had a total of 83 pos

sible locations. As there was no significant difference 

between the possible fits of a real and a random set of 61 

transitions, most of the transitions which could be placed 

with a good probability of being correct are assumed to have 

been assigned. Thus a total of 103 gamma-ray transitions have 

. 87 88been placed into the Sr(n,y) Sr decay scheme representing 

95.3% of the total gamma-ray intensity of the 164 gamma rays. 

The only notably strong gamma ray which has not been fit is 

the 6671 keV transition. The intensity balance across all 

levels was quite reasonable. In general there was more gamma-

ray intensity out of a level than into the same level. This 

was to be expected as explained in section 6-3. The inten
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sity from the capture state was calculated to be 58.1 

relative to 103.1 into the_ground state. 


88
The Q-value for the 87sr(n,y) sr reaction was cal

culated to be 11113.0 ± 0.6 keV as summarized in Table 6-3. 

The Q-value was calculated by taking the average value of 

the sum of the strongest 39 cascades taking into consideration 

the recoil energies associated with the gamma rays. Average 

values were also calculated for the energy levels by taking 

the average of the sum of the d~-exciting cascades. The 

energy values are noted in figure 6-10 and are also summarized 

in Table 7-4 along with their associated errors. 

86
6-6 Decay Scheme for sr(n,y) 87 sr Reaction 


87 88
Having fit most of the gamma rays in the sr(n,y) sr 

decay scheme, an attempt was made to find some significant 


. 86 87 
gamma-ray assignments for the Sr(n,y) Sr decay scheme. 

The program DCYSCH was utilized with the 35 _levels populated 

in the (d,p) reaction as listed in Table 2-6 as the input 

levels. The input gamma-ray list included the 61 gamma rays 

not assigned in the 87sr(n,y) 88sr decay sch~me and the 4 gamma 

rays of energy 388, 484, 7556 and 8040 keV which were assigned 

87.to the sr nucleus on . the basis of known levels at 388 and 

872 keV. A total of 58 possible fits were found for the 61 

unassigned gamma rays but none of these fits proceeded between 
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any of the (d,p) levels. Thus it was impossible to add any 

86 87further assignments to the sr(n,y) sr decay scheme with 

this list of input data. A second use was made of the decay 

scheme program, this time with the input gamma-ray list 

including the 11~ gamma rays which were unassigned after the 

. 87 88first 45 gamma rays were fit in the Sr(n,y) Sr decay scheme 

as well as the 4 fixed gamma rays of energy 388, 484, 7556 

and 8040 keV. The program now fit thre~ more gamma rays 

populating the levels at 2177 keV and 4079 keV. In fact a 

close scrutiny of the strontium gamma-ray spectrum revealed 

that the shoulder on the lower energy side of the double 

escape peak of the 6267 keV gamma ray may be the double 

escape o'f the 6252 keV gamma ray populating the 2177 keV 

.level which is an 1 =O 
n 

level. No attempt was made to use 

COMB or RCMB as not enough levels were available as a 

basis. The tentative decay scheme for 86sr(n,y) 87 sr is 

presented in figure 6-11. Gamma-ray intensities are in-

eluded in brackets. The determination of the neutron separa

87tion energy for sr is summarized in Table 6-3. 



CHAPTER 7 


DISCUSSION OF RESULTS 

7-1 · L·eveT ·str·uct~·~·e·· -,~·£· ·8·7Rb 

87The decay scheme of Kr consistent with the experi

mental results outlined in chapter 5 is shown in figur~. 5-17. 

87The nature of only the first few excited states in Rb has 

been deduced from other reactions leading to the same final 

states as surrunarized in chapter 2. An attempt will be made 

here todeduce the spins and parities of some of the other 

levels on the basis of log ft values and garruna-decay branching 

ratios presented in c~apt~r 5. The level structure of this 

nucleus will then be interpreted in terms of the concepts 

outlined 1n chapter 1. 

In general the level structure of nuclei in the mass 

region where the nucleon numbers lie between 28 and 50 are 

more difficult to interpret than for the lighter or heavier 

87nuclei. However Rb is an example of a single closed shell 

nucleus in which the neutrons fill the N=SO major shell • . 

According to simple shell model theory the 37th proton in 87Rb 

87will be in the 2p shell and the ground state spin of Rb
312 

should be determined by the proton hole in this shell. In 
(41) 

fact the spin has been measured to be 3/2 The nucleus 

Kr has 36 protons and 51 neutrons so that its ground · state 

spin should be determined by the Slst neutron in the a
512 
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87
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shell. The _ground state spin has been determined to be 5/2+ 


as discussed in chapter 2 thus contradicting the 7/2+ value 


assumed by ThulinC4Gl. This changes the interpretation of 


the beta spectra correspondingly. 


87The first few levels in Rb can be considered as 

. good quasi-particle states. On the basis of the shell model 

one would expect to find the lf , 2p and _lg quasi
512 112 912 

87particle states in the low-lying level structure of Rb along 

with the 2p / quasi-particle ground state. The beta groups3 2 

tothe ground and first two excited states have high log ft 

values typical of first forbidden transitions. The spin 

assignment of 5/2- for the 403 keV state as determined by 

the (d,He 3 
) reaction to the same final state is consistent 

with the observed . log ft value • The log ft value of 8.0 

determined for the beta transition to the 846 keV level desig

nates this transition as a possible first forbidden unique 

transition according to the distribution of log ft values 

shown in figure 1-1. This level · can then be identified as 

the 2p quasi-particle state. The fact that no _ gamma coinci
112 

dences were detected with the 846 keV_gamma-ray transition 

also supports the 1/2- spin-parity assignment for this level. 

The spin assignment is further confirmed by the fact that 

there is a strong ga~ma-ray transition to the ground state from 
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this level but that no 443 keV transition was detected· to the 

403 keV .lf quasi-~article state. In fact on the basis of
512 

simple shell model calculations a possible 443 keV transition 

would be down by a factor of 2xl0 4 in intensity from the 

measured intensity of the 846 keV transition. There is no 

beta intensity detected to the 1579 keV level within the 

experimental uncertainties. On the basis of this and the decay 

mode of this level it is interpreted as the lg quasi
912 

particle state. The beta transition to this level would then 

have to be a second forbidden transition with a very high log 

ft value and hence little intensity as observed experimentally. 

The 1579 keV leveldecays only via the 1176 keV gamma-ray 

transition to ·the 403 keV 5/2- level. The 9/2+ spin assign

ment for this level is supported by the fact that no transi

tion was detected to the ground state or to the 1/2- level at 

846 keV. These transitions would be E3 and M4 respectively 

and therefore down many orders of magnitude in intensity from 

the 1176 keV transition. 

The interpretation of the grourid state and the _.first 
. 87 . 

three excited states in Rb as the 2p , lf , 2p and
312 512 112 

lg quasi-particle states respectively is consistent with
912 

the experimental results _. To excite another one quasi-particle 

state a proton would have to be excited across the gap at 

the N=S.O major shell. This level would be at much h~gher 
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ene!gy than the lg quasi-particle state. Thus it is ex
912 

pected that it would be much easier to excite 3 quasi

particle 	states of the type 

n[(2pl/2}2(2p3/2)-1] 

and n [ (lg9/2".} 2 (2p3/2}-1] • 

The 1741 keV level is populated by a first forbidden 

beta group with a log ft value of 8.4. The decay modes of 

this level indicate that the most probable spin assignment 

for this level is 5/2-. The level does not decay to the 1/2

level. The ratio of the intensities of the 1741 and 1338 keV 

transitions is consistent with Ml transitions to the 3/2

ground state and the 5/2- first excited state. This level is 

probably a 3 quasi-particle state with the proton configura- . 

tion n[ (2pl/2) 2 (2p3/2) -1] 5/2-. 

The log ft value of the beta transition to the 2415 

keV level 	does pot indicate conclusively whether it is an 

allowed or first forbidden beta transition. The spin can be 

assigned 	as 7/2 with good probability of being correct be
cause the 	level decays to the two 5/2- states and to the 9/2+ 

.. , 	 state but not to the 3/2- . ground state or the 1/2- second 

excited state. The ratios of the observed intensities of the 

three de-exciting gamma rays agree with the single particle 

estimates better if a positive parity is assumed for this 



206 


level. 

· with the exception of the beta transition to the 

2811 keV level the log ft values of the beta transitions 

to the higher energy states are all relatively low indic~ting 

allowed beta transitions. Thus most of the higher energy 

levels have positive parities and possible spins of 3/2, 5/2 

or 7/2. The predominant transitions from these states are 

to the ground state or first excited state indicating strong 

El transitions. The 2556 and 3310 keV levels decay only 

directly to the ground state indicating 3/2+ or 5/2+ assign

ments for these levels. The 2962 keV level decays both to 

t~e 9/2+ and 5/2- states. The probable spin-parity assign

ment for this level is then 7/2+. A negative parity 

assignment for this level is inconsistent with the observed 

ratio of the 1384 and 2559 keV ganuna-ray intensities. The 

2811 keV level decays only to the ground state thus narrowing 

the spin possibilities to 3/2 or 5/2. A definite parity 

The level structure of the low-lyi~g states of Rb, 

assignment cannot be made for this level. The spin and 

parity assignments for _the levels in 87 Rb are summarized in 

Table 7-1. 

87

which is a single closed shell nucleus, agrees quite well 

with the model proposed by Kisslinger and Sorensen<20121 ) as 

discussed in chapter 1. They treat the low-lyi~g states of 
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Table 7-1 

.· Spin~Parity Ass:ignments for 87 Rb Levels 

JlfEx(keV) Conf~guration 

0 3/2 P3/2 

403.0 5/2 f 5;2 

845.8 1/2 pl/2 

1578.5 (9/2+) . g9/2 

1741.0 (5/2-) 

2415.0 (7/2+) 

2556.0 (3/2+,5/2+) 

2811.2 (3/2±,5/2±) 

2962.5 (7/2+} 

3309.8 (3/2+,5/2+) 

spherical nuclei in terms of quasi-particle excitations. 

Higher energy states are treated in terms of phonon exci

tations and states of higher seniority. In the case of ~ 7Rb 

the positive parity b~nd of the higher energy states can be 

interpreted as an octupole vibration built on the negative 

parity ground state. These positive parity states can arise 

from the proton configurations. n [ (lg ) (lf ) ,- . 2.] and
912 512 

n[(lg ) (2p )- 2 ] which are seniority three quasi-particle
912 312 

states. 
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It is interesting to c·ompare the level structure of 

87 89Rb with that of Rb which also has 37 protons but 2 more 
. 89 

neutrons. The levels of Rb have been studied via the beta 

89 (141} 89decay of Kr • Both 87Kr and Kr ground states have 

the proton configurations n[{2p312 J~
2 ] and n[(lf512 }~ 2 ] 

coupled to the neutron configurations v[(2d }] and v(2d ) 3 
]

512 512 

respectively as in both beta-decay processes beta_groups were 

observed to the respective ground states as 	well as first ex

87cited states. However in the beta decay of Kr the ground 

state beta-group branching 	percentage is much higher than in 

89 89the corresponding decay of Kr to the ground state of Rb. 

This indicates that the n[(2p
312

)- 2 
] proton conf~guration is 

. . 87 89
much stronger in the Kr ground state than in the Kr ground 

87state. It also indicates a difference in character of the Rb 

89and Rb ground states. However in both cases the ground 

87 89states of Rb and Rb can be interpreted as 2p quasi-particle
312 

states whereas the first excited states are 	lf quasi-particle
512 

states. The 2p and lg quasi-particle states have not
112 912 

been identified in 89 Rb. Above the first few excited .states 

in 89 Rb the level stru~ture is much more complex than that of 

87 Rb because of the addition of a 	 neutron pair beyond the 

89N=SO major shell. In the case of Rb the larger number of 

low-lying negative parity states arise from coupling of the 

n[(2p )- 1 ] and n[(lf / )- 1 
] proton hole conf~gurations with

312	 5 2 
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the v[(2d }] and v[(~g712 )l as well as other low en~~gy
512 

87 89neutron configurations. In both Rb and Rb the positive 

parity levels are populated above about 2.4 MeV excitation 

energy. These positive parity states can arise from the 

coupling of the rr [ (lg } (lf 1.- 2
] and rr [ (~g 1 (2p3/ 2 } - 2 

]
912 512 912 

proton configurations with the neutron states containing paired 

87neutrons. In the case of Rb these states are likely primarily 

89proton states whereas for Rb they would probably have a 

measureable contribution from neutron configurations as well. 

7"-2 · L·ev·eT Structure of 88Rb 

88The decay scheme of Kr consistent with the experi

m~ntal result~ outlined in chapter 5 is shown in figure 5-18. 

The t values for some of the states populated in the beta-n 
87 88decay process have been determined from the Rb(d,p} Rb 

reaction as listed in Table 2-7. These t values determine 
n 

88the parities of many of the low-lying levels in Rb. The 

spins of these low-lying levels can be deduced in some cases 

from log ft values and gamma-decay branching ratios as calcu

88lated in chapter 5. The level structure of Rb can be in

terpreted in t~rms of the concepts outlined in chapter 1. 

88 . f . f 0 . hTh e . ground stat~ spi~ o Kr is o course + wit 

36 protons and 52 neutrons, the last two neutrons being out

side the major closed shell at N=SO. The odd-odd nucleus 
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Rb has one neutron beyond the N~so shell which can be 

associated with the d orbital. This neutron is coupled
512 

to the n[(2p )- 1
] . ground state configuration of 87Rb

312 

to give a ground state configuration of n[(2p
312

}- 1 ]v[(2d5; 2 ll 
88in Rb. This gives rise to a multiplet of states with 

spins 1-, 2-, 3- and 4-. The lowest energy state which cor

responds to the ground state of 88 Rb has been foundC 43 ) to be 

the 2-. The other members of this multiplet have been 

populated in the (d,p} reaction as well as the beta-decay process. 

A beta transition with log ft = 8.0 has been observed 

to populate the 196 keV level. This log ft value is typical 

of - a first-forbidden transition. No other beta transitions 

have been detected to this spin multiplet. The first excited 

level decays via the 28 keV gamma-ray and also by internal 

conversion. The second level at 196 keV decays only to the 

2- ground state, whereas the 4- level decays only to the first 

excited state~ The spin assignments made in the (d,p) 

reaction results are consistent with the beta transition to 

the 1- state at 196 keV and with the gamma-decay modes. of 

88these low-lying levels. Thus the first 4 levels in Rb 

including the ground state can be interpreted as the multiplet 

of 2-, 3-, 1- and 4- arising from the coupli~g of the 2p
312 

proton hole state with the 2d5/ neutron particle state.2 

The 362 keV level is populated by a beta transition 
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with a high log ft value indicating either a first forbidden 

or a first forbidden unique transition. The level decays both 

to the 1- and 2- levels indicating a spin assignment of either 

1- or 2- for the 362 keV level. The 390 keV level can likely 

be given a spin assignment of 2- or 3- as it is not populated 

by a beta transition and decays only to the 2- ground state. 

The 862 keV level is populated by a beta transition with log 

ft value of 8.1. It decays to the . ground state, to the 390 

keV level and strongly to th~ 3- first excited state. A spin 

assignment of 2- is consistent with these results indicating 

that the beta transition to the 862 keV level is first forbidden 

unique and the decay transitions are all Ml in character. The 

decay modes of the 862 keV level and the garruna population 

modes of the 362 and 390 keV levels (to be discussed in con

nection with the 2392 keV level) favor spin assignments of 1

and 3- for the 362 and 390 keV states respectively. The 

configuration n[(lf )- 1 ]v[(2a )] can give rise to a
512 512 

multiplet with spins ranging from 0- to 5-. The three states 

discussed here, the levels at 362, 390 and 862 keV are likely 

the 1-, 3- and 2- members respectively, of this multiplet. 

The higher spin states would not likely be populated in the 

beta-decay process. The i =2 413 keV level observed in the 
n 

(d,p) reaction is then quite probably the 4- member of this 

multiplet. 
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· All five levels between 1140 and 1360 keV have 

negative parity based on the high log ft values exhibited 

by the first forbidden beta transitions to them. The 1142 

keV level is probably a 2- spin state since the l~g ft value 

of the associat~d beta transition is high and. ganuna decay 

proceeds entirely to the ground state. The beta transition 

to the 1183 keV level has a s ·omewhat lower log ft value and 

de-excitation occurs only via the 987 keV transition to 

the 1- 196 keV state. Thus the spin assignment may be 

either 1- or 2-. The 1213 keV level is an t =O state and is 
n 

fed by a beta transition with a high log ft value. Thus its 

spin is likely 2-. This spin assignment is supported by the 

fact that this level decays to the 2-, 3- and 4- components 

of the ground state multiplet. On this basis the transitions 

to the 2- and 3- states are Ml in character while the transi

tion to the 4- state is an enhanced E2 transition. The 1246 

keV level decays both to the ground state 2- level and to the 

196 keV 1- level. The high log ft value of the beta transi

tion to this . level favors a 2- assignment but a 1- assignment 

cannot be ruled out. The 1353 keV level is another ~ =O 
n 

state allowing spin assignments of 1- or 2-. Because no beta 

transition is observed to this level, the 1- assignment can be 

ruled out. A 2- spin assignment is supported by the fact that 

the level decays only to the 2- ground state and the (3-} 390 
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keV level. This band of n~gative parity states must be due 

to higher seniority states consisti!lg of higher phonon-

excitations. The levels can be interpreted as arising from 

quadrupole vibrations coupled to the negative parity ground 

88state band in Rb. It is then a vibrational band built on 

quasi-particle states as illustrated in figure l-4b. Some 

of the lower energy states of seniority 4 which _could con

tribute to this band of levels are, 

n[(lf )- 2 (2p )Jv[(2d >J
512 112 512 

n[(2p3/2)-2(2pl/2)]v[(2d5/2)] 

n[(lfs;2>-2C2P1;2>Jv[(lg7;2>l 

and n [ (2p >~ 2 - (2p112 >] v [ (lg >].
312 712 

Between the 1353 and 2232 keV levels there is a large 

gap in which no levels are populated in the beta-decay process. 

Some levels in this region were populated in the (a,p} reaction 

however. These are probably the higher spin state members 

consisting of the seniority 4 configurations listed above. 

It would be impossible to populate these levels directly in 

the beta-decay process. The log ft values of the beta 

transitions to the four highest energy levels populated in the 

88beta decay of Kr indicate that these beta transitions are 

all allowed. The possible spins of these states are then 
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O+ or l+. The. strong 2392 keV level is almos·t certainly a l+ 

level because of the very low· log ft value of its beta transi

tion and the fact that the gamma radiation from this level 

feeds only final states of spin 1- and 2-. These transitions 

are then all El in character. Table 7-2 shows that there is 

Table 7-2 

Reduced Widths of gamma rays from 2392 keV level 

Ey(MeV) Iy *I /E 3 
y y 

2.392 37.8 2.09 

2.196 14.9 1.06 

2.030 4.8 0.43 

1.530 11.3 2.38 

1. 250 1.1 0.43 

1.179 0.75 0.34 

1.040 0.4 0.27 

*Normalized to Iy/E3= 1.0 y 

no more than an order of magnitude variation in the reduced 

. gamma-ray widths of the transitions de-exciting the 2392 keV 

level assuming that all transitions are El in character. A 

strong case can be made for l+ spin assignments for all of 

88the 4 positive parity levels populate.a above 2 MeV in Rb on 
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the basis of the low l~g ft values and the fact that each 

level de-excites only to 1- and 2- final states. 

This positive parity band of levels can be interpre

ted in terms of an octupole vibration built on the negative 

parity_ground state multiplet. From the point of view of 

(20 21)
collective motions, Kisslinger ~nd Sorensen ' su9gested, 

as pointed out in chapter 1, that in this mass region of 

closed shells one could expect to have bands of levels re

sulting from the coupling of a two quasi-particle state with 

vibrational states. The states in this positive parity band 

are lik~ly comprised of 4 quasi-particle states with the 

following configurations. 

n[(lf )- 2 (1g }lv[(2d >l
512 912 512
 

n[(2p3/2)-2(lg9/2)]v[(2d5/2)] 


n[(lf5/2)-2(lg9/2)]v[(lg7/2)] 


and n[(2p )- 2 (1g9; 2 lJv[(lg >J

312 912 

The spin and parity assignments for the levels of 

88 Rb populated in the beta-decay process are sununarized in 

Table 7-3. The nature of these levels as ~iscussed in this 

section can be summed up as follows. There are two low

lyi!lg spin multiplets ·due to the two quasi-partic.le configu

rations n [ (2p ) - i] v [ (2d 5; 2 l] and · n [ (~f ) - 1 ] v_[ (2.d 5/ J] •
312 512 2

http:quasi-partic.le
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. Table 7-3 

Spin-parity assignments for 88 Rb levels 

Ex(keV} E (keV}x ~ n 
log ft JTT 

S-decay (d,p) 

0 0 0+2 2

28.0 27 2 3

196.1 196 0+2 8.0 1

268.4 268 2 4

362.5 361 (2, 0) 8.2 (1-,2-) 

390.4 390 2 (2-,3-) 

413 2 

862.4 861 0 8.1 (2-) 

1141.7 1142 0 8.5 (1-,2-) 

1182.8 8.0 (1-,2-) 

1213.3 1212 0 8.7 (2-) 

1245.6 1245 2 8.5 (1-,2-) 

1352.5 -1353 0 (2-) 

1609 ? 

1665 0 

1794 

1860 

1927 

1970 

2090 

2170 

2231.6 (2230} 5.8 (l+} 

2257 

2361 

2392.0 4.3 (l+) 

2452 

2549.0 5.9 Cl+l 

2771.8 5.3 (l+} 
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Above these levels there is first of all a n~gati~e parity 

band due to the coupli!lg of quadrupole vibrational states 

to the negative parity. ground state. Then there is a h~gher 

lying positive parity band due to the coupling of octupole 

vibrational states to the negative parity ground state. 

88A similar comparison of the level structure of Rb 

to that of 90 Rb can be made as done in the case of 87Rb and 

89 Rb in section 7-1. Here again 90Rb has two more neutrons 

outside of the closed N=SO shell than does 88 Rb. This is 

90expected to complicate the level structure of Rb some

88 90what compared to that of Rb. However Rb is expected to 

have low-lying states resulting from .the 2 quasi-particle 

configurations n[(2p )- 1 ]v[(2d / )J and n[(lf )- 1 ]v[(2d512 )J
312 5 2 512 

as in the case of · 88Rb. In fact an examination of the low-

lying levels in 90 Rb as (142)determined by Goodman· ·et. al. and 

modified by Mas~n et.al. (l43 } shows that such an interpre

tation is possible. There is no beta ground state transition 

likely indicating a 2- spin assignment for this state as in 

the case of 88Rb. The relatively high log ft values for the 

beta transitions to the low-lying states indicate negative 

parity assignments for them. Between 730 keV and 1240 keV 

there is a large . gap in ·which no levels are populated in the 

beta decay of 9 °Kr. This corresponds to the 9ap at slightly 

88 
h~gher excitation energy noted in the levels in Rb populated 
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88in the beta decay of Kr. Above thi:s gap in each ·nucleus 

there is a positive parity band stro~gly populated in both 


88

cases. In the Kr decay process 71% of the beta intensity 


88 9

. goes to the 2392 keV l+ level in Rb whereas in the °Kr 

decay 66% of the beta intensity_goes to the 1780 keV l+ 


90
level in Rb. In both 88 Rb and 90Rb it is expected that 

these positive parity states are due to the coupling of a 2 

quasi-particle state with octupole vibrational states and 

arise from the 4 quasi-particle configurations described 

before. · The above analysis points to the strong similarities 

88 90between the Kr and Kr beta-decay processes and between 

t~e 88
Rb and 

90
Rb level structures. 

877-3 Level Structure· of sr 

The level structure of this nucleus was studied via 

the neutron capture reaction on natural strontium. As the 

capture cross-section contributing to the population of 

final states ·in this nucleus was small only a few gamma rays 

87could be assigned to Sr as shown in figure 6-11. Some 

levels in 87sr are known as a result of the (d,p) and (d,a) 

reactions to final states in 87sr as summarized in Table 2-6. 

The (d,a) reaction populates predominantly neutron hole 

states while the (d,p) reaction populates predominantly 

neutron particle states. 
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87The sr nucleus has a neutron hole in the N;::SQ 


maj ·or shell indicating that some of its low-lying states 


can be attributed to neutron hole states. In fact the 


. ground state and first two excited states can be interpreted 

as the v[(l~912 }- 1 ], v[(2Pi; l-1 J and v[(2p }-1 ]· .neutron
2 312

hole states. As the capture state will have a spin of 1/2+ 

for s-wave neutrons and El transitions are expected to pre

dominate over Ml transitions the two negative parity states 

. should be and are populated in the (n,y) reaction. The 1/2

state is populated strongly whereas the 3/2- state is populated 

only weakly. These two levels are the only £ ;::l levels . n 

populated in the (d,p) ·reaction. Any Ml transitions would 


populate 1/2+ or 3/2+ states. It might be expected that some 


of the £ ;::0 states which have spin 1/2+ would be populated
n . 

in the (n,y) reaction. There is some indication that the 2177 


keV £ ;::0 state is populated by a primary transition. Primary

n 

transitions to no other levels were detected except perhaps 

for the primary transition to the 4079 keV level as shown in 

figure 6-11. No tn value has been measured for the 4079 

keV level. Thus it is not possible on the basis of this 

scanty information to indicate whether the El primary stre!lgth 

predominates over the Ml primary strength although the available 

data favors this premise. The 5/2+ state at 1231 keV observed 

in the (d,p) and (d,a) reaction is probably the~[ (2d J (lg >.- 2
]

512 912
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neutron state. The existence of the ~[ (lf )-1 
] .state

512


could also be expected in the low energy region but it 


would be an 1 =3 state and as such was not observed in then . 

(d,p) reaction or in the {n,yl reaction. Above the 1 quasi

_particle excitations the 3 quasi-particle excitations arising 

from the coupling of the neutron states with the n[(2p / 2 } (lf 5/ 2 )- 1
]1


and n[(2p ) (2p312 )-~] proton states can be expected. How
112 

87 ever no more spin assignments can be made to the Sr levels 

on the basis of (n,y) results. 


85

A limited comparison can be made with the sr nucleus 

which has a three-neutron hole state in the N=SO shell. It 

has the same ground state spin as 87 s~ and also has a 1/2

isomeri~ state which is typical of nuclei in this mass region 

with a few neutrons less than the closed shell of N=50. 

. 88
7-4 LeveT Structu·r·e· ·of· · · Sr 


88

The level structure of sr has been studied by means 

of a beta-decay process and a thermal neutron capture reaction. 


88
The decay scheme of Rb shown in figure 5-19 is consistent 

with the experimental results as presented in cha};'>ter 5. The 


. 87 88 .

decay scheme corresponding to the Sr(n,y) Sr reaction as 

shown in figure 6-10 is , consistent with the experimental 

results outlined in chapter 6. The fact that some common. 

levels are populated in the beta-decay process and the (n,y) 
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reaction below 5 MeV provide~ a means of determini!lg the 

spins and par~ties of some of these levels. Levels in this 

energy region as well as some above 5 MeV were populated in 

other reactions leading to final states i~ 88sr as summarized 

in chapter 2. By knowing which reactions populate a state 

it is often possible to determine the nature and the con

figurations contributing to that state. The nature of the 

88states in Sr populated in the beta decay process and in 

the neutron capture reaction will be interpreted in terms 

of the concepts outlined in chapter 1. 

The nature of the thermal neutron capture reaction 

and indeed of the capture state itself can often be inferred 

from th~ distribution of reduced widths of the primary gamma-

ray transitions. It can be seen that not many of the levels 

populated in the (d,p) reaction were populated by primary 

gamma- ray transitions. Most of the levels populated in the 

(d,p) reaction are £ =O or £ =2 states. whereas El primaryn n 

transitions would populate £ =l states. Thus it is impossible
n 

to c?mpare the intensity of primary gamma rays and of corres

ponding proton groups to ascertain whether the (n,y} reaction 

is a direct reaction or proceeds via compound nucleus f orma

tion. It does show that the Ml strength is down considerably 

· ·from the El strength as expected. ;However, accordi!lg to 

29arguments presented by Porter and ThomasC ) the distribution 
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of reduced . ganuna-ray widths obey a chi-squared distribution 

of one d~gree of freedom if capture .occurs at a resonance 

level in the compound nucleus. Usually more than one resonance 

level contributes to the capture state and the distribution 

will consequently follow a chi-squared distribution of more 

than one degree of freedom (v=l) . F~gure 7-1 displays the 

distribution of the reduced widths (I /E') for the 31 primaryy y . 
88 . gamma rays from the Sr capture state in the form of a 

histogram assuming that all are El transitions. The two solid 

lines show the distributions expected for chi-squared distri

butions with one and two degrees of freedom. It is found 

th_at the primary gamma-ray reduced widths obey a chi-squared 

distribution of 1.55 ± 0.55degrees of freedom corrected for 

. (144}
finite sample size effects • The actual value of v is 


probably less than 1.55 if one considers the number of small 


widths not detected because of resolution and efficiency 


effects. The small value of v supports compound nucleus for


88mation in the thermal neutron capture in sr and also points 


to the predominance of one spin state contributing to the 


capture state. An analysis of the decay modes of the capture 


state indicates that the 4+ spin state is the major contribu

tor to the capture state. 


88sr i·s an · t erest~ 1eus t s t dy f a thin i~g nuc o u rom eore

tical point of view as it is an example of a si~gle closed 
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shell nucleus with the ·neutron shell at N=S.O filled. It is 

in fact an even-even nucleus with. the semi-major proton shell 

of Z=38 closed as well. The 88sr nucleus is in the r~gion of 

spherical nuclei whose states can be interpreted in terms of 

collective vibrations cons-isti!lg of one and higher phonon exci

tations as discussed in chapter 1. The beta decay process 

yields information concerning the quasi-particle nature of 

the states and the amount of collective character characteristic 

of the states. Hence it should add to the information available 

from the one- and two-particle stripping and pick-up reactions 

as summarized in chapter 2. 

It is expected that the first few excited levels in 

88 sr will consist of proton core-excited configurations as it 

takes less energy to break the proton pairing energy than to 

excite a neutron over the major shell energy gap. The neutron 

core excited configurations should appear above 4 or 5 MeV in 

88 87 88 .
Sr as found from the Sr(d,p) Sr reaction results. By means 

of the (d,p) reaction it was possible to excite the neutron 

88particle-h6le states in sr built on a single . g hole in
912 

the N=S.O core. The (d,p) reaction transfers a si!lgle neutron 

to the 87sr ta!"get with J1f :::: 9/2+. In fact most of the states 

88in sr excited by the (d,p) reaction can be explained by the 

coupli!lg of a v [ (lg }-·1 ] neutron hole to the· first few excited
912 

89states of sr. The F>n=O states arise from the v[(3s i (lg9; l-1 l112 2
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conf~guration whereas the two groups of .Q,n~2. 	 states arise from 

the V[ c.2d3;2> (~g9/2}-1 ] and~[ (2ds;2>C~99/2}-1 ] conf~gurations. 

only one .Q, =4 state beside the . ground state was excited in the . n 

(d,p) reaction and this is probably a member of the v[(lg ; 2 >7

Only two .Q, =l states were populated inn 	 . 

the (d,p) reaction. Actually the single-particle model pre

diets no excitation of t =l levels if the ground state ofn . 
87sr contains only the v[(lg 1-1 1 neutron hole configuration.

912

The excitation of some ~ =l 
n 

states can only be explained by 

contributions of the v[(2p )-1 
] configuration to the 87 sr

112 

. ground .state. However in the (n,y) reaction it should be 

e~pected that mainly tn=l states would be populated by primary 

transitions. Thus it is expected and observed that not many 

levels are populated in conunon by the two reactions. 

For purpose of discussion of the spin and parity 

88
assignments to the levels in sr it will be 	helpful here to 

87 88point out the ground state configurations of sr and of Rb 

which are the parent nuclei -in the (n,y) reaction and beta-decay 

process respectively • . The (d,p} data show quite conclusively 

87that the ground state of sr is 	composed mainly_ of the 

. 87 88 •
v[ .(g }-1

] configuration. The Rb(d,p} 	 Rb reaction and
912 

88the beta decay of Kr indicate that the predominant component 

of the 
88

Rb ground state is the 11[(2p3; l- 1 Jv[(2d5; lJ con2 2 

f~guration. The observed multiJ?let of 2-, 3-, 1- and 4- states 
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gives stro!lg support .to this con~~guration. However the 

observed m~gnetic moment of . 88RbC43 l indicates a small con

tribution from the 1T [ (lf }--1] v [ (2d )] conf;i_guration as
512 512 

. 88
well to the ground state of Rb. 

88 .
The beta decay of Rb populates low-lyi!lg .states up 

88to 5 MeV excitation energy in sr. These levels can have 

spins ranging from 1 to 3 for allowed beta transitions and 

from 0+ to 4+ for first _forbidden or first forbidden unique 

transitions as the ground state spin of 88 Rb is 2-. Thermal 

87 88 · leads a t spinneut ron capt ure in sr to sr cap ure s t a t e o f · 

4+ or 5+. Hence El primary transitions could populate states 

of spin and parity 3-, 4-, 5- or 6- whereas Ml primary transi

tions could populate 3+, 4+, 5+ or 6+ spin states. However 

the latter are expected to be in the minority. Primary 

transitions of typ~ E2 are not likely to be detected so that 

states with spin 2+ or 7+ will not be populated directly. 

Thus any level which is populated directly both in the beta

decay of 88 Rb and in the 87sr(n,y) 
88

sr reaction must have a 

spin and parity of either 3-, 3+ _or 4+. 

The levels populated in beta-decay and in the (n,y) 

reaction as reported in chapters 5 and 6 respectively are 

listed in Table 7-4. These values are we~ghted averages 

and the errors indicated _are obtained by applyi!lg the normal 

law of errors. If a level has been populated in the (d,p) 
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reaction as well, .it ~s noted alo!19 with the .Jl . vaiue . n 

characteristic of the level. Spin and parity :assignments 

are well known for some of the low~lying levels in 
88

sr and 

are listed as such in column 5 of Table 7-4. The spin and 

parity assignments made in this study are indicated in 

brackets. The basis of these assignments and the nature of 

88the levels in sr will now 	be discussed. 


88

The ground state of sr is of course the 0+ spin 


state of an even-even nucleus. ·The neutrons form a closed 


shell whereas the protons form a semi-closed shell of 38 


protons. Hence the ground state configuration is expected 


) 10to be well approximated by n[(lf ) 6 (2p ) 4 ]v[(lg ].
512 312 912
 

However the _ground state must also have some n[(2p ) 2 
]


112 

· admixture as the 846 keV 1/2- level is weakly excited in 

88 87 72the sr(d,He 3 
) Rb reaction < > There is of course no 

primary _gamma-ray transition to the ground state and in 

fact because of the large spin difference between the cap

ture state and the ground state most gamma-ray cascades 

have 3 or mor·e members. The beta-decay branch to the 

. ground state is of a first-forbidden unique· character with 

a low log ft va.lue for this 	type of transition indicati~g 

a relatively unhindered mode of decay. This can be regarded 
. -· 

as consisting mainly of the single-particle decay of a la

neutron to the 2p proton orbital.
312 

512 
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. TABLE 7-4 
. 88 

.Sr Level Ene:rgies and Spin-J?ari.ty Ass~9nments 

E (keV)
· X 

(n,y} 

0 

1836.1±0.5 

2734.1±0.8 

3219 ;5±1. 5 

3487.0±2.0 

.3522. 6±1. 0 

3584.6±1.0 

3635.2±1.1 

3952. 6±1. 3 

4170.1±1.1 

4227.3±1.7 

4269.3±1.3 

4300.5±1.7 

4413.9±0.7 

4452 ·.·0±1. 3 

4513.8±2.3 

4743.0±2.0 

4845. 6±1. 7 

5010.6±2.1 

E (keV}x 
6-decay 

0 

1836.1±0.5 

2734.1±0.8 

3219.7±2.2 

3487.8±2.0 

4269. 6±1. 3 

4413.9±1.1 

4513.9±2.4 

4744.5±3.0 

4845.6±1.7 

4854.0±3.2 

E {_keVl
X · 

(d,pl 

0 

1839 

2738 

3208 

(35 9 0 > 

4408 


4450 


_4514 


4748 


J 'IT ~n 

4 o+ 

2 2+ 

ns 3

ns 2+ 

l+ 

(2+} 

(ns} (4-,5-) 

3+ 

(4+} 

(4-l 

(3-) 

(3±) 

(4+} . 

2 (3+) 

2 (3 I 4-) 

. 2 (2-,3-) 

2 .(2+} 

(3-} 

(2-) 

(3-,4-,5-} 

(continued next page) 

http:Spin-J?ari.ty
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Ex(keVl E ..(keV} . E_x-_lkeV} .. J1T 

. X -~n 

(n,yl 6-decay .(d.,pl 


5077 .3± l. 5 


5263. 2± 1. 3 


5321.3±3.0 (3-, 4-, 5-l 


5426. 3± 1. 8 5418 0 4+ 


5517.8±1.4 5506 0 4+ 


5537. l± 3. 2 (3±, 4+) 


5662. 3± 2. 0 5665 (1) (3-) 


5690.4±2.2 (3-) 


5751.1±2.2 (3-, 4-, 5-) 


5811.3±1.1 


5836.4±2.8 5830 (ns) 


5952.0±2.2 (3- 4- I 5-) . 


6123.6±1.8 


6258.3±4.0 6237 (1) (3--+6-) 


6387.6±2.0 6376 (2) 


7092.5±3.6 7088 ? 


7337.8±3.0 7337 


7573.4±3.8 7561 


7835.0±1.3 7839 


11113.0±0.6 

I 
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The 1836 keV level ha;s been well established as a 

2+ quadrupole .vibrational state.· Again there is no primary 

ganuna-ray transition to this l~vel as it would have to be 

a E2 transition. The beta transition to this level is a first 

forbidden transition with a typical log ft value of 7~5 

indicating that the level is not collective in nature. The 

inelastic electron scattering results give a value of 8.5 

single particle units for the B(E2)t value of this level 

. again indicating only a small amount of collective character. 

~he lowest-lying levels of 88sr should consist mainly of 

proton c;onfigurations. In fact the (d,He 3 
) results showed 

that 80% of the first . 2+ state was accounted for by the 

n[ (2pl/~) (2p )- 1 
] and n[ (2p ) (lf )- 1 

] proton conf~gura-
312 112 512 

·· tions. The 87 sr(d,~) 88 sr reaction results indicated that . 

the largest fraction of the remainder of the level strength 

was taken up by the neutron configuration v[(2d ) (lg )- 1 
].

512 912 

The energy of this state is quite high for a first excited 

state but can be explained by the fact that the configuration 

nearest to that of a closed shell would have a high one-phonon 

excitation energy. 

The 2734 keV level is a well-known octupole 3- state. 

It is populated by a s-trong primary El transition from the 

capture state and also by an allowed beta group with log ft 

88
value of 6.5 from the Rb . 9round state. These excitation 
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modes are both consistent wi.th ·a 3- spin ass~gnment. The 

level is only .weakly populated in the (d,p} reaction indica

ti!1g weak contributions fr.om neutron configurations to the 

state~ A v~lue of 25 si~gle particle units has been measured 

for the B(E3lt value in the electron scattering reaction indi

cating the very strong collective character of this level. 

The collective nature is also shown by the relatively high 

log ft value for the allowed beta transition to this state. 

The one-particle one-hole proto~ configuration n[(lg9; 2 > (2p
312

)- 1 
] 

45has been shown by Shastry and Saha(l > to be the dominant 

part of _this state's configurations. The observed branching 

ratio for (273471836)/(273470) was of the order 100:1 in both 

the beta-decay process and the (n,y) reaction compared with 

·a single-particle ~stimate of about 10 6 
• This indicates that 

the El transition is hindered by a large factor as might be 

expected for a transition from an octupole state to a quadru

pole state and that the E3 transition · to the ground state is 

enhanced. 

The 3220 keV level is similar in character to that of 

the 1836 keV level. In fact it can be inteFpreted as the two

phonon state of spin 2+. It is not populated by a primary 

transition from the capture state as expected but it is popu

iated in the beta-decay process by ·a first-forbidden transi

tion with a l~g ft value of 7.1. ~gain the (d,~e 3 ) reaction 
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results. indicate that the :proton conf:L-<;J"urations TI [.(2p ) (2p )- 1 ]
112 312 

and TI [ (2p 1(lf 1-1 
] . account for 60% of the stre!lgth of this

112 512

level compared with 80% for the first 2+ state. These con

figurations are consistent with the relatively low l~g ft value 

of the first-forbidden beta transition to this level. In con

trast to the first excited state, the (d,p) results suggest 

that there are no particle-hole states involvi~g a v[(lg )- 1
]

912 
hole included in the composition of the wave function of the 

3220 keV level. Inelastic alpha-particle scattering indicates 

a large proton single hole strength showing agreement with the 

single-particle model. According to the shell model the lowest 
88 .

positive parity states in Sr should correspond to the proton 

configurations .TI [ (2p ) (2p ) - l] and TI [ (2p ) (lf ) - l] •
112 312 112 512 

Additional 2+ stat'es should arise from higher energy seniority 

4 configurations such as n[(2p ) 2 (2p )-2] and TI [ (2p 2 
112 312 112 > 

Clf5;2> --2l. The (a ,a'} .:work. gives a value of B(E2)t = 0.4 

single particle units for the 3220 keV level compared to 8.5 

single particle units for the 1836 keV level as determined 

from (e,e') reaction results. This _gives a ratio 

B(E2, 2;+0+) I B (E2, 2i+0+1 of rv 0. 05 compared to the value of 

zero expected for spherical vibrations. The . gamma-decay 

branchi!lg ratio (2~+0}/(2;+2i1 should be zero for a spherical 

vibrator as well. However the average value of this ratio 

as determined from the beta-decay and neutron capture data 
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is 0.30. This value i~ still much ·1ess than the value of 

12.6 expected from the si!lgle ·particle ·model for E2 transi

tions. 

The 	3488 keV level is weakly populated in the beta 

88decay of Rb but is not populated by a primary transition 

from the neutron capture state. The only de-excitation 

mode of this level is a _ground-state transition. This con

firms the spin assignment of 1+ made by Ragaini· ·et."al. (?S) as 

this level is populated in the (t,a) and (d,He 3 
) reactions. 

The absence of any neutron strength in this level is indicated 

by the fact that it is not populated in the (d,p) or (t,p) 

reactions. The location of l+ levels in single-closed shell 

nuclei in terms of quasi-particle excitations has been calcu

lated by LombardCl 4G). He predicted al+ level in 88sr at 

about 3.3 MeV representing the n[(2p	 1 1 1+ con
112

) (2p312 )~

figuration. This is likely the one observed at 3488 keV as 

will ·become more evident from the following discussion. 

Lombard(l4 G) also predicted a 2-hole state of spin l+ at 

about 3.6 MeV excitation consisting of the n[(lf / )-i(2p / )- 1 

observed in the level structure via beta decay or neutron 

5 2 3 2

(2p .) 2 ]
112

proton configurations. However this level was not 

88 sr 

capture. The l+ states can be classified according to transi

tion probabilities.· The~ selection rule forbids Ml transitions 

with ~~=2. Thus only the spin-orbit pairs (p -p d 
112 312 

, 
312 
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a , t -f l etc. can dec'.ay directly to the ground
512 512 712 

_ 

state. · The other l+ states must proceed by cascade. The 

3488 keV state does not proceed by cascade. 

The 3635 keV level is similar in character to the 

3488 keV level. It is not populated in the (d,p) reaction 

indicating an absence of neutron strength. However it is 

excited in the (t,a) and (d,He 3)reactions as is the 3488 keV 

level indicating that proton configurations comprise both 

states. The configuration of this state is likely 

n[(lf ; > (2p )- 1 ] +. The spin 3+ of this state is verified
5 2 112 3

by the neutron capture ganuna-ray data . as this level is 

populated directly from the capture state by the 7477 keV 

transition. This then is an Ml transition. The 3635 keV 

level is the highest of the five low-lying proton-hole 

states populate~ in the (d,He 3 
) reaction as listed in Table 

2-10. All five states were populated either directly or 

indirectly in the (n,y) reaction whereas only the lowest 4 

states were seen in the beta decay work as outlined in chapter 

5. However Ragain·i ·et.·a1. C34 l indicated that they observed 

the 3635 keV level weakly populated in beta decay. All of 

the spin and parity ass?-gnments made to these five levels 

are consistent with the . results of the beta-decay and (n,y) 

studies as detailed in chapters 5 and 6 respectively. 

The 3953 keV level has been observed only in the 
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neutron capture reaction on strontium. It i? populated direct

ly by the primary 7160 keV transition and de-excites via the 

1218 keV transition to the 2734 keV level. It is not popu

88lated in the beta decay of Rb. Hence a spin-parity as

signment of 4+ s·eems probable based partly on the fact that 

the primary transition is weak and may be an Ml transition. 

This level is interpreted as the 4+ member of the two-phonon 

multiplet O+, 2+, 4+ predicted for a spherical vibrator. The 

2+ member is the 3220 keV level. and the 0+ member is likely 

the 3154 keV 0+ state observed in both the (t,a) and (t,p) 

reactions as noted in Table 2-11. There is no indication 

that this o+ member is populated in either the beta-decay 

process or the (n,y) reaction. The 3953 keV level decays to 

the 2734 keV 3- octupole state. Any possible transition to 

the 1836 keV state which might have been expected for this 

level is obscured by the intense 2112 keV gamma-ray. The 

3953 keV level is likely a strong prot~n state as it is not 

populated in the (d,p) reaction. However without additional 

know~edge from other reactions leading to the same final 

state one can only speculate on the conf~guxations comprisi~g 

this level. The proton configuration n[{lf712 )~
1 (2p 1;2 > . J 4+ 

could contribute to this level although the seniority 4 

states with the configurations n[(lf512 J~ 2 (2p1/2 J 
2 ] and 
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nt(2.p l- 2 (2.p 1 2 
] could also be ·1ow eno:ugh in ene:i::-gy to

312 112


contribute to this level. 


The 3523 keV level is weakly populated in the neutron 

capture reaction altho:ugh not by a primary transition. It is 

not observed in the beta decay of 88 Rb as studied here, although 

Lazar et.a1.<55 l claim to have detected a 3.52 MeV transition 

88
in the Rb beta-decay process with a NaI(Tl) detector. 


59
Shastry and Bhattacharyya< > found 	that the 3.52 MeV level 


88 88
is weakly populated in the decay of Y to sr. As the 


88
. ground state spin of Y is 4- the spin of this state must be 

~ 2. As a ground state transition is observed in neutron 

capture work as well as in 88Y decay the most likely spin 

assignment for this level is 2+. This spin assignment is 

supported by the fact that the level is excited in the (d,d') 

reaction< 69 
> as well. The level cannot be a member of the 

v[(2d ) (lg )- 1 
] multiplet as it is not populated in the

512 912
 

(d,p) reaction. The state being low in energy likely con

sists primarily of proton strength. 


The 3584 keV level is populated strongly in the 


(n,y} reaction by the primary 7528 keV El gamma-ray transi

tion giving it a n~gative parity assignment. It is only 


weakly populated in the (d,pl .reaction with no strippi~g 


distribution evident. As the level is not populated in the 


beta-decay process its spin must be. > 4. This leaves the 


only spin-parity assignments possible as 4- or 5-. No 
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selection can be made between these two spin.ass~gnments as 


the ·1evel decays only via the· 850 keV transition to the 


2734 keV 3- level. The state is likely a member of the same 


proton multiplet n[(2p 1-1 {lg )] as the 2734 keV state

312 912
 

with possible contributions from the n[(lf5; )-1 (lg >1
2 912 

proton configuration. Then the. 850 keV transition is basically 

a single-particle transition between the single-particle 

orbitals. 

Below 4 MeV excitation .energy, levels were populated 

~ith even parity resulting from the proton particle-hole 

coupling conf~gurations n[(2p )-1 (2p1; 2 >J 1+, 2+ and312 

n[(lf5; 2 >- 1 (2p112 >l 2+,J+ at slightly higher energies. A few 

levels also had some neutron strength due to the configuration 

. 1 ' 	 . 
· v[(lg >- (2d >l 2++?+· Collective one phonon and two phonon912 512 

quadrupole vibrations with spins 2+ and 0+, 2+ and 4+ respec

tively were also found. Above 4 MeV one could expect to 

populate som~ higher seniority positive parity states but 

levels of odd parity are also expected due to the excitation 

of the 2p3/2 ·'or lf5/2 protons into the lg9/2 proton or.bital. 


The resulting coupling could result in levels in the spin 


range 2- + 7-. Of these only those with spins of 3-, 4-, 5

or 6- can be populated bx primary Rl transitions from the 


capture 	state. 


The two energy levels at 4170 and 4227. keV are 
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populated by intense primari transitions whereas the level at 

.4269 keV is populated by a weciker . ganuna-ray transition from 

the capture state. Thus thes:e levels are likely to have one 

of the spins 3-, 4-, _5- or 6-. Of these levels the only one 

populated in beta decay is- the 4269 keV level. The beta 

transition to this level has a log ft value of 6.7 probably 

indicating an allowed transition givi~g the level a 3- spin 

assignment. However a first-forbidden transition cannot 

be ruled out which would indicate a 3+ spin assignment for 

this level. This is still consistent with the weak primary 

transition observed. The level could then be interpreted 

as arising frpm the proton configurations of seniority 4, 

TI [ (lf ) .- 2 (2p } ~] and n [ (2p ) - 2 (2p ) 2 ] as discussed
512 112 312 112 

above. The spin assignment of the 42i7 keV level is 

probably 3- despite the fact that it is not populated in beta 

decay. This assignment is based on the decay modes of this 

level and on the fact that a 3- level at 4234 keV has been 

. th . 1 t. t . . (140)popu1a t e d in e ine as ic pro on scattering reaction . 

The spin assignment of . the 4170 keV level is made as 4- or 

5- based on the decay modes of this level although the 4

assignment is favoured based on a weak gamma-ray transition 

to the 2+ 1836 keV state . 

. The spin and parity of the 4300 keV level is probably 

(140)4+ as s~sgested by (p,p'} work • This is consistent with 
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its population and dec"ay modes as observed in the (n,yl 

reaction. It is populated ;by a w:eak 6812 keV Ml primary 

transition and decays via the 1566 keV transition to the 3

2734 keV level. No evidence is seen for a transition to the 

1836 keV 2+ state although the response of such a transition 

may be obscured by the 1442 keV photo-peak. This level is not 

populated in the beta-decay process supporting the 4+ spin 

assignment of the state. 

The next four ene~gy levels at 4414, 4452, 4514 and . 

4743 keV are populated in the (n,y) reaction although only 

two of the levels are populated by primary transitions. All 

levels but the 4452 keV level were populated in the beta-

decay process as well. Apparently levels at nearly the same 

energies were populated in the (d,p) reaction as well with 

all proton groups showing ~ =2 stripping distributions. 
n 

These levels have been assigned to the v[(lg J- 1 (2d )]
912 512 

(74}
mult~plet by Cosman et.al. • However the low log ft value 

of the beta transitions to the 4414, 4514 and 4743 keV levels 

indicate that these may be allowed transitions making the 

parities of these three levels odd. The 4414 keV level is 

populated directly by a primary transition. If this is the 

same level as seen in the (d,pl reaction then its spin must 

be 3+. On the other hand the 4514 keV level is not populated 

by a primary transition from the capture state and the low 

log ft value of 4.9 indicates an allowed beta transition with 
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a likely spin ass:i--gnment of 2~ or "3~. The ·2~ spin ass~gn-

merit is to be ·favoured since there is no p~imary transition 

from the capture state. This theri cannot be the same state 

as observed in the (d,p) reaction. Assumi~g the 4743 keV 

state is the same one as observed in the (d,pl reaction the 

spin assignment is likely 2+. The . ganuna-ray transition to 

the . ground state implies a close correlation with the. ground 

state configuration. The 4452 keV level is very unlikely the 

same one as seen in the (d,p) reaction as it is populated 

directly by a strong primary transition in the (n,y) reaction. 

The ~n value of the 4450 keV level populated in the (d,p) 

reaction could have been misinterpreted because of the small 

reduced width of this level. The decay modes of the level 

favour a 3- or 4- .assignment and the absence of any beta 

transition to this level makes a 4- assignment more likely. 

The strong 1718 ·keV gamma-ray transition to the 3- 2734 keV 

level indicates a similarity between the proton configurations 

making up the two levels. 

The level at 4846 keV .is not excited in the (d,p} 

reaction and thus has no significant neutron conf~guration 

contribution. The level· can be . given an unamb~guous spin

parity assignment of 3- on the basis that it is stro~gly 

populated both in the (n,y} reaction and in the beta-decay
( 

process. In both cases the same decay modes are detected 
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and are consistent with th.e spin ass~9nrnent of 3-. The level 

consists of stro!lg proton conf;tgurations some of which likely 

include the 1T [ (2p 1-1 (2d IJ and n [ (lf . 1-1 (2d . u · 
312

_
512 512 512 

configurations as these are ~gher in energy than the 

1T [ (2p ; ) -i (~g n and n I (lf 1-1 (lg states ·comprising
3 2 912 512 912 n 

the strong 27 34 and 3584 keV levels. Ragaini· ·~t·•. ~l. C75 ) found 

some evidence that the 4845 keV level is populated by the 

(t,p) reaction indicating some contribution from the neutron 

states. 

There was no indication however of excitation of the 

4854 keV level by the (t,p) or the (d,p) reaction indicating 

the absence of neutron configuration states. This level was 

seen only in the beta-decay process populated by a beta 

transition with a low log ft value indicating a negative 

parity state. The weak ground state transition implies a 

probable spin assignment of 2-. The level likely consists of 

some of the same proton quasi-particle states comprising the 

4846 keV level. 

Above 5 MeV excitation energy no levels are populated 

in the beta-decay process and only · a few of those populated 

in the (n,y) reaction are also populated by the (d,p) 

reaction. Very little data are available from other reac

tions to these final states so that any unamb~guous spin 

assignments are almost impossible on the ba::>is of (n,y) results 

alone. In most cases only limits can be placed on the spin 
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. values by a study of the dec'.ay modes o~ the levels. Above 

5 MeV there is also e-Xpected to oe· more contribution from 

neutron states so that the levels will not be comprised mainly 

of proton particle-hole states but will likely contain sig

nificant contributions from ~gher seniority states of mixed 

proton and neutron character. Some of the lowest excited 

states of this type are expected to be comprised of 

n [ (lfs;2>-1 (lg9;2> l v r (lg9/21-1 c2as;2> l' 

n C (2p3/2) -1 (2pl/2} l v I (2pl/2} -1 C2d5/2} l , 

n l C2P3;2 > -
1 Clg9/2 >1v C(lg9/2 > -

1 C2ds;.2 >l · 
-1 -1and n[(lfs;2> (2P1;2>lvCC2p1;2> c2as;2>l 

configurations for the odd parity states and 

n[(lfs;2>-1 (lg9;2>lv[ (2P1;2>-1 c2as;2>l, 

n[ (2P3;2>-1 (2P1;2> ]v [ (lg9;2>-1 (2ds;2> l, 

n[ (2P3;2>-1 (lg9/2)]v[ (2P1;2>-1 (2ds;2>l 

and TI [ ( 1f.sI2 ) - 1 ( 2p1I2 ) ] v [ ( 1g9I2 ) - 1 ( 2 d 5 I 2 ) ] 

configurations for the even parity states. These are 4 quasi

part°icle configuration states and hence of seniority 4. There 

will also be some lower seniority states comprised of the 

neutron configurations v~{3s112 l (lg 1-1 J and v[(2d > (lg }-1]
912 312 912


as s:iggested by the (d,p} resul.ts excited above 5 MeV. Proton 


strippi~g reactions such as {d,He 3 
} are required to pick out 


the proton states but it is expected that very few 2 quasi

http:resul.ts
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particle .proton states would be excited above 5 MeV. Some 4 

quasi-particle proton states may ~e populated above 5 MeV 

excitation energy. These would consist of the 

. 1f [ (2p3/2l-2 (2pl/2l 2] 

and 'IT [ (lf5;21-2 c2P1;2·121 

configuration~ for even parity states and of the 

n[(2p3/2)~2(lg9/2}2] 

and n[(lf5;2>~2(lg9;2·>21 

configurations for odd parity states. 

Although definite spin-parity assignments cannot be 

made to the levels above 5 MeV populated in the (n,y) re

action, restrictions can be made on some of the possible 

assignments for the levels populated most strongly. These 

assignments are listed in Table 7-4 and will be discussed 

below. The 5537 keV level is weakly populated by a primary 

transition and decays only to the first two excited 2+ states. 

thus it is likely a higher phonon vibrational state having 

spin 3+ or 4+. However a 3- spin ass~gnment cannot be ruled 

out. The 5426 a~d 5518 · keV levels are likely similar in 

character to the 5537 keV level. Both are populated by 

primary transitions from the capture state and both corres

pond to levels populated in the (d,p} reaction with the proton 

groups exhibiti~g di~tributions characteristic of 1n;Q 

transitions. Thus spin assignments of 4+ or 5+ are p9 ssible 

for these levels. The 5426 keV level has decay modes to 

a 2+ and a 4+ level as well as to the strong 4452 keV level. 
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This favors a 4+ ass~gnment ;for the level. The. 5518 keV 

level decays to the 3220 .keV 2+ level as well as to the 

stro!lg n~gative parity levels at 2734 keV and 3584 keV. 

Again a spin assignment of: 4+ is favoured for this level. 

However if this is not the level seen in the (d,p) reaction 

a spin assignment of 3- or 4- is quite probable based on 

the strong connections of this level to the 2734 and 3584 

keV levels. 

The 5690 keV level must ·be entirely different in 

character from the three levels discussed above as it is 

populated by a fairly strong primary transition and decays 

only via the 2203 keV transition to the 3488 keV l+ level. 

This indicates that this level is likely a 3- spin state 

· comprised perhaps of 4 quasi-particle proton configurations. 

The level directly below this one and another one at 6258 

keV are notable in that they correspond closely in energy 

to the only two 2 =l states populated in the (d,p) reaction. 
n 

This of course makes their parities negative. As the 5662 

keV level has · three decay modes all to 2+ spin levels the 

likely spin of this state is 3-. The 6258 keV level has only 

one decay mode and that is to the 5321 keV level. Thus no 

restriction$ ··c:an be made on the possible spin of this state. 



244 


The. 5011, .5321, .57.Sl and 5952 keV levels are all 

populated by fairly stro!lg primary trans,itions and none of 

the levels are excited in the (d,p} reaction. The levels 

can all be considered to have n~gative parity. It is interes

ti!lg to look at the decay modes of these levels as ·they are . 

all similar. Table 7-5 lists the decay modes of the ten 

88strongest negative parity levels in sr including six levels 


below 5 MeV excitation energy. The three highest energy 


levels all have a decay mode to the strong 3584 keV level 


whereas the 5011 keV level de-excites mainly via a strong 


. ganuna-ray transition to the 2734 keV 3- state. This indicates 

the similarity between the configurations making up these 

four levels. However the decay modes are not .restrictive 

enough to make a choice between th~ 3-, · 4- or 5- spin 

assignments to the four levels. Whereas the three levels above 

5100 keV all have a decay mode to the 3584 keV level, all 

six levels below 5100 keV down to the 3584 keV level have 

a decay mode to the 2734 keV level. This suggests a basic 

difference between the configurations making up the upper 

three levels and those making up the lower six levels. As 

suggested above the lower levels can be interpreted as 

2 quasi-particle states whereas those above 5100 keV can be 

interpreted as 4 quasi-particle states. 
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TABLE 7-5 
• . 87 -- 88 

Stro!lg Decay Modes in Sr(n,yl Sr Decay Scheme 

From Level (keV) To Level (keVl 

5952 5518 

3584 

5751 3584 

5321 4170 

3584 

5011 3953 

2734 

4846 2734 

1836 

4452 3584 

2734 

1836 

4227 2734 

1836 

4170 3584 

2734 

1836 

3584 2734 

2734 1836 

0 
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APPENDIX A Al 

DCYSCH Program Block Diagram 

Input List 
{T. ,6T., I.}, i=l,n

1 1 1 

{ L . I 

J 
6L . } I 

J 
j =1 I ~ 

{ T ! I 

1 
L . ,->-L . II} I 

J J 
i I =l, k 

(fixed assignments) 

~ 

/"" no~~mi~-·-----
~ 

Randomize 


Transitions 


Not Fixed 


Order Gamma-Ray 

Transition 

Energies 

Feedback 

Information 

from 

COMB . 

and 

RCMB 

l 
!!!! 

FITGAM I 
J 

' 

r 
.. 

JINTENS 

Fix Transitions 
Between Known Levels 
with condition that 
a decay mode 
exists 

I .. FITGAM 

{, 
,__f__IN~T~E_N_s_J 

L~~~~~~·--~~--~~~~ 




FITGAM Subprogram Block Diagram A2 

yes0: 


Least Squares Fit To 

Transition Number 

versus Energy 

j 1 

Dtj = Lt - L .. 
J 

Ii ==lI 
· D 0 • • = D 

0 
• -T. 

;vJl.. JV} l. 

Fast Search for . 
lntji - Tkl < Error 

no no 

= j+li=i+l 

Possible Assignments 
Ti' (1) Lt+ Lj+Tk' 
T. I { 2) L. +T. I + L. i=i+l 
Tk' (1) Lt + Lj+Ti' 

Tk' (2) Lj+Tk' + Lj 

l. J l. J 

Add Possible Assignments 
to respective lists forr--~~~---~~~ 

Ti' and Tk' 



A3 

Add Tk 1 (2) to list of 

possible assignments 
of Tk' 

Note that T., {l) has 
l. 

been referenced 

yes 

no 

Add Tk' (1) to list of 

possible assignments 

of Tk' 
Note that T., {2) has 

l. 

been referenced 



Q 

A4 

no 

yes 

Add T. ·, (2) to list of 
1 

possible assignments 

of T.,
1 

Note that Tk, (l~ has 

been referenced 

no 

Add T., (1) to list of 
1 

possible assignments 
of T.,

1 

Note that Tk' (2) has 

been referenced 

no 

yes 



AS 


\ 

yes 

I 

Not~ th~t T., (1) and 
1 

Tk, (2) have been referenced 

yes 

;;]. - .Note that T., (2) and 

Tk' (1) haveibeen referenced 



GJ A6 

. ~. . 

G int list of all 
sible assignments 
r each gamma-ray 

Calculate and Print 
total number of 

possible assignments, 
fixed assignments 

and unique assignments 

Print 1ist of all 
fixed transitions 

and number · of times 
which each have been 

referenced 

--~~~~ ' 

Frint total intensity of? 
all gamma rays, total 

intensity .of all fixed 
gamma rays and total 

intensity of all gamma rays 
which have a unique 

assignment 



INTENS Subprogram Block Diagram A7 

---~© 
Set all intensity sums = 0 

L.r'---- 0 

no 

Acld T. (k) to list of gamma
1 

rays populating L. 
J 

IPS. = IPS.+I. 
1. 

yes 

IPF. = IPF.+I.
J J 1. 

yes 

IPU.=IPU.+I. 
J J 1. 



A8 

no 

Add T. {k) to list of gamma
i 

rays de-exciting ~. 
--~~~~~~-.-~~~~]·~~~ 

I 

IDS. =IDS.+!. 
J J l. 

yes 

no 

IIDF . = IDF .+I. I· ] J l. 

no 

yes 

rnu. = IDU.+I. 
J L -2. 



>---=n

A9 

no 

-=o---'7(3) 

Print intensity sums to 
and from level L. and 

J 
list of gamma rays 

populating and de-exciting 
L. 

J 

no 

EXIT 
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