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ABSTRACT )

An experimental study of decay properties of 40

sihort-lived neutron-rich  nuclides including 9139“Rb,'
9u-965r’ 96'97Y, 99—1002r, 99—104Nb, 103f106Mo, 107-108 Tc,'

lOS—llpRh’ llS-llBPd’ 114—118Ag and +20-123 1, ;g presented.

The radiocactive sources were prodﬁced at TRIUMF
ﬁsing iﬁtermedi;te energy protons rto induce fission of
natural uranium. |

Fa

A gas-jet recoil traﬁsport system with methanol
aerosol particles was de&eioped to traqsfer the radioaétive
nuclides rapidly from the point of production to an area-of
low radiation where<Varioms;combinatidns ?fiiefectors were
used. )

The total transp?rtL effiéiency Ff tbe\ sysgzm is

shown to be largely independent of\ the elemental

composition of the collected fission products.

J

’Gamma—ray .énergies, ha;f-livésq and coincidence
. . . = . ’5
relationships between different -emitted gamma-ray lines
were determined. The half-lives (in the range of 10 to

150ns) of 20 nuclear excited states were measured.



iv

'The relative positions in‘eﬁergy of isomeric states were
determined.in>a few favorable cases. End-point energies of
beta transitions were determirned by applying beta-gamma
coincidence methods, A telescope system of two plastic
N - - - .

scintillators was used to measure beta energies. P

Of particular interest were determinations, in.
several cases for the first time, of the total decay
energies for - neutron-rich nuclides of high
neutron-to-proton ratios.l These experimental QR-values
were then compared with the predictions from current mass’
formuleas .to assess theldegree of cenfidence that one can

expect from their extrapolations to nuclides away from

beta-stability.

Two-neutron sepération energies were calculated for
Rb, Sr,.Y, Zr; Nb and Mo isotopes in the mass region near
£=100. The occurence of a change of slope at N=60 in the
plots of these energies versus neutron humber supports the’
hypothesis that an onset of deformation_of the nuclear

shape takééfplace in the neutron-rich nuclides of masses

near A=z100 with N 260.

b
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< A mes parents
A Dominique

A notre futur

Men and , women are not content to comfort
themselves with tales of gods and giants, or to confine

thej

thoughts te the daily affairs of life; they also
- t {
builld telescopes and satellites and accelerators, and

sit at thely desks for endless hours—working out the

meaning of {the data they gather. The effort to understand
f

the universg is one of the very few things that 1lifts

SN

human life 2 little above the level of farce, and gives
-d

it some of the grace of tragedy.

S. Weinberg

N

I like to think, now more than ever that it does

nqt matter how little "a little above" may be.
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A FIGURE CAPTLQ?

Tradional Z versus N representation of the nuclides. The

black squares are the stable nuclides. The circles
represent the known and tulated reglons of nuclear
deformation.

The inside lines define the limits for known nuclides.
The ouside lines define the-proton and neutron drip’
lines. (data taken from Sor-70 and She-76)

22{Pepresentation of the postulated paths for the creation

10-

S 11-

of heavy elements. The regien around Fe corresponding
to neutron~rich nuclldes of Az60-70 represents the
r-process (rapid- capture process) seed.

Energles of the flrst 2+ exc1ted states and ratlos Fh+/E2+
versus neutron number for Qr Zr ,Mo,Ru and Pd neutron- rich

. isotopes. (data taken from WOl 77)

Schematic representation of the. TRIUMF 6-sector
1sochronous cyclotron -

Schematic representation of the gas-jet transport system.
The pressure in the.target chamber was typically about
latmosphere whereas it was *in the order of 1mm of Hg in
the collecting chamber.

\Schematlc representation of the target chamber at TRIUMF.

Targets are mounted on a ladder electronically controlled.
Different lengths of the productlon chamber are” available.

-Schematic representatlon of the aerosol generator

-

Schematic’ representatlon of the gas-supply system for
the determination’of collection yields u51ng dlfferent

.liquids as transportlng media.

Collection y1e1d curves for water, methanol, puﬁp 0oil and
ethylene used as different transporting media.

Comparison of two gamma spectra of recoils .from an
argon gas target. One spectrum was collected using
ethylene as gas carrier whereas for the other methanol.
droplets in nitrdgen were used. Photopeaks. from halogen
products are only seen in the second spectrum

The top part of the flgure is a representatlon of the
number of events registered in the DE counter as a
function of the deposited energy. The ordinate axis is
in arbitrary linear units. Signals with an amplitude
corresponding to a deposited energy between 100 and 30QkeV
are allowed to enter the coincidence circuit.
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Calibration line,; energy versus channel number, for the
beta analysis performed with the KURIE code. '

Schematic representation of the two electronic set-ups
used in coincidence experiments. Roth used the fast-slow
coincidence technique. '

Total gamma spectrum in cgincidence.with all beta-rays.
The total energy range (100-2200keV) has been divided in

 & energy sections. The number above 1nd1v1dual -peak 1is
the associated energy.

15=

16-

17-

Total low-energy (5-300keV) gamma spectrum in coincidence
with all high energy gamma-rays (100-2000keV)., The most
intense Xrays are assigned by their atomic symbols.

Ma) spectra in coincidence -with Mo, Cd; Sn
and Tc Xrayg corresponcing to Nb, Ag, In &@nd Mo isotopes,
respectivel The lines in 001n01dence are identified -
by the mas /mumber of the nuclides they come from.

Low energy g

DeCfg curves of the long-lived 85.4 and 126UkeV states

i Mo.and 977Zr, respectively. The promt peak has been
subtracted. For the decay of the 85.4keV state each data
point is the sum of the counts over 4 channels whereas
for the decay of the 1264keV state it is the sum over

8 channels.

18— Shape of the response function used in KURIE. It rebrésents

19-
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23-

Tentative decay\scheme fop

the response of the beta detector for monoenergetic
electrons of 5MeV. :

Representatlon of a part of the chart of the nuclides
where the 40 isotopes stidied in this .work are pointe out.
Beta spectrum and associated Kurie-plot in ‘coincidence
with the 93.5keV gamma line in .the decay of 9LRb. The
black solid line is the fit generated by KURIE. _

A simplified deca¥y scheme of 91Rb is also shown.

Decay curve of the 93.5keV gamma-l}ne. The black selid
line is the fit generated by the FITTIM program. This fit
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-*2 - - represents the accumulation due to the parent.

- ¥ _ % represents the decay of the 93.5keV gamma line

‘after subtraction of the parent contribution.

QMRb
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are indivjisdual components.
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The dotted lines connect pair separation energies for
nuclei differing by 2 neutrens and one proton.



I- INTRODUCTION

I-1 Geneéral

The aim of this work was to carry out an
experimental study of the radioactive‘deéay and nuclear
spectroscopic- properties of nuclides far f;om
beta—stability:‘ Of particular interest in thisvgégard
were the neutron-rich fission products with mass
numbers, A, of' around 100. A total of 40 nuclei have
been investigéted. From the resulting data 12 new
ground-state QB—valués have been determined and for a
few of the othér previousl& reported  Qg-values more
precise values have now beeﬂ obtained. ‘These data ma;
be expected to lead to /ﬁﬁ?ther refinements of the
semi-empirical mass equation as well as to ay better

understanding of the <collective properties of the

neutron-rich nuclides in the A=100 mass region.
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I-2 Nuclei far from stability

Fig.1 displays the traditional Z versus N
representation of the nuclides. The black sqguares

i i
represent the stable nuclei and constitute the "valley

of beta stability". AS one moves away from the bottom

of this valley, the instability towards beta decay

increases,i.e, the nuclear half-life decreases. In

general, the energy -avifiggze for the decay also

increases and this implies that the levels available as
final states of such nuclear decay transitions are more
numerous.

‘The study of nuclei which lie far from
beta-stability 1is of considerable interest sinée the
ability to éredict the properties, and 1in partioular
the mass, of such "exotic" nuclei provides a good
testing ground for some of the theories of ‘nuclear
structure. Furthermore, the 1large amount of energy

available in the decay of such nuclei may 1lead to the

discovery of unexpected phenomena, e.g, beta delayed

single and double particle emission and coulomb delayed

particle emission. Also, away from the valley of

stability .- one may reach new regions of permanent.

deformations where nuclei display a dominant collective

behavior.
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' I-3 General methods of production

The productioh of nuclei far from stability may
be achieved using a number of different methods
dependihg in part on which side of the valley has to be
reached.

The principal methods of ©producing neutren
deficient nuclides are reactions induced by medium
energy charged particles, e.g. [(p,xn),(a ,xn),...J,
and reactions induced by high energy = particles

e

“(spallation) or heavy . ions [(H.I.,XnYp)]. These

o

reactions generally induce significant -particle
evaporation due to the high "temperatures" of the

intermediate reaction species.

The principal way to reach the neutron rich side

of stabilitx in the laboratory is through the f&ss?on of
heavy nucleil, Alternatively reactions suchi as

(m,p),(n,a),(p,2p)... can also be used. However the

yields of these are much lower and generally produce

nuclei which 1lie ?lose to the stability 1line. An

additional process occurs under the extreme conditions

found in stellar interiors and in nucieér explosions,

namely multiple neutron capture. ipwever, since ‘these

conditions are not normally available to the

experimenter, this will not be discussed further.



Fission can be induced when the  incident
projectile suppliesisufficient energy for the resulting’
nuclear system to overcome the bafrie}.to fissiqn. Cnly
a few nucleil can fission under bombardment'withv thermal
energy neutrons (233U,2356;239Pu),' When the supplied
energy becbmeé high enough, e.g., witH‘fast neutrons or .
hjgh energy protons, most of the heavier nuclei caﬂ
undergo the fission process. At Eigh bombarding energy
the mass-symmetric process. réplaces the weil-known
assymmetric mass diVision ‘of thermal~neutron-induced
fission, The production yield versus the mass number A
is then a bell-shaped curVe, the centroid of which . is
expected to move towards the stability 1line and to
become greater ‘in width as the bombarding energy

incfeases. In general the fission of 238 U at high

energies leads to products 1lying mainly in the mass
region of Az90-14C. This method has- been the principal
-~ one used in the ;preseht study to produce very

nevutron-rich species.
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- I-4 Ihportance of studies of neutron-rich _

species of masses near A=100
I-4-1 General

Owing to the coulombic repulsion between protonsl
and the resulting nuclear instability, the proton drip
line, i.e, the 1imit for bound protons in proton-rich

nuclides, lies closer to the stability valley than the

co#respondiqg neutron drip line for neutron-rich
nuclides (fig.1). o
Cn thé neutron rich side there is no

corresponding - effect and thus nuclei with relatively
high neutron-to-proton ratios can be produced exhibiting
beta dgsintegration energies as high as 20 MeV while
still remaining Stable agaizpt neutron emission. Hence, -
the data available for méss formulé extrapolations on
the neutron excess side can be, theoretically more

numerous,i.e, more nuclei, can be studied.
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CI-4-2- Nucleifaround 9:100’? a region of -strong

deformation

"

, Systematics_of the energy  levels 1in excited-

‘nuclei show that"non-Spherical' equilibrium shapes

: A N .
develop in nuclei with compositions far from
closed-shell configurations. Regions of deformation,

such as those for the nuclei around 25Mg; the rare egrth
region or the actinidé nuclides, have been well
established (Rog-65a). The reason why these regions have
been’identified, is that they lie along the wvalley of

stability and are therefore relatively accessible to

’
-

experiﬁental Sstudy. As "experimental techniques are
developed, other possible areas of deformed nuclei may
be reached. In fig.1 the open circles mark the limits

of the expected regions of deformation (Sor-70,She-76).

. . ’ ' f’
In the region near & = 100 spherical hﬁET§E~_;re

/

found close to either the Z = 50 or the N = 50 shell
closures. Deformation is expected to set in as the
)nuclear composition moves away from these boundaries.
As has been pointed out in several theoretical studies
(Ars-69,She=72,Fae-T4), the neutron rich spgpies5from Sr
to Ru represent good candidates for exhibit}%ﬁ’germanent

nuclear deformations.
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RN,

From the experimental point of view, studies of
neutron rich nuclei around A=100. are hampered by the
fact that the most intereé%ﬂngﬂnuélei have,ratber short:

. L3 . s
half-lives (<10s)for the application of standard nuclear

methods of investigatioRs Further, the ¢hemical
: : N R N
properties of most elements of ,this region, 1i.e,

refractory hetals, inhibit the possibility of wutilizing
i ) : I

on-line isotope separators. 1In addition a large number
of» nuclides afe produced in the fission\ process and
the identification of those of interest becomes

difficult and critical.

I-4-3 The r-procéss

f

Fusion reactions of the light eiements (such as

those proceeding in stellar interiors) can notéiﬁgdto

the forhation of nuclei heavier than the group-né€ar iron

(Hoy-75). Despite this fact, heavier elements exist in

nature. Fig.2 shows the two postulated possible paths

(s a2and r) for the creation of such elements. Dependiné
/

©

on the stellar conditions, i.e,‘thé'neutron flux, only a

po#tion of thése pathways will usually be followed.
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Since it is still 1impossible to reach ~ the r-process

‘region experimentally, one has to predict the properties

of the exotic nuclei involved. in' theoretical

cglculations on models of the procesg%s involved. Mass:

formulas thus play an important role in the construction

of these theoretical modelsipand tests for mass formula J

extrapolations are, as a result, of special interest to
' A

£

astrﬁphysicists (Sch-76). .

I-4-I Fission reactor systems

! | -

A recent report (Rei-77) gives a detailed review
of appiications of .fission-product data. of specialv
“interest is‘ the importance of the measureﬁént of gross
properties (mass, half-life,...) of short-ddved fission
proﬁucts in applications such as the detérmination of ..

<

the decay-heat source in operatihg reactors.

Being able to predict with confidence the heat .

-

generated by the decay of short-lived fission products

is a major task in = nuclear engineering. . The

construction of a safe and efficient emergency core
, ) i

cooling system (ECCS) 1is directly related to this

theoretical problem. The feasibility of the

e




11
calculations of the”\decay heat'soﬁrce‘dépends almost
exclusively upon an accurate knohiedge of' thé detailed
decay scheme of‘ the nucl{des produced in fhe fission
process. Dgpay ana spectrbécopic studies of specific
fissﬂnai;woduo%s which are'importént in détgfmining the
. amount of.heat,kﬁrdduced in rédioactiye decays are thus

essential to the development of safe economical nuclear

power plants.

!
)

I-5 Goals of this dissertation

As the major objective of this study is aimed ét
the acquisition of new experimental data to test current
- semi-empirical mass formulas, it is necessary to review’
first the‘ main features of these t@eoretical

N.

calculations. We shall end this sectioh‘wff% a brief
pfesentation of the experimental techniques
4

‘urrently

involved in mass measurements. With this preparééion we

shall then qontinue\ with a brief re&iew of nuclear

properties of the neutron-rich nuclides in the - mass
. )=

region néar A=100. - K,)
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Following this, we . shall mnupresent the
experimental techniqaes _utilized in Fhis sthdy. This
will include a description of"some of the étudies'
undertaken to provide a betger understanding of the
processes wﬁiéh govern the mechan&sh of tfansport of
v,f}séion fragments via the gas—lb(j:;coil system.

‘ The detection and détéhacquisitioh systems will
be discussed in the; following section as well as the
off-line analysis and the identification tech&iques.

The results and the discu;sion associated with
each individual mass number will then be presented.
These data will be used for comparison with predictions
from current masi formulas and ~ further utflized to
provide new insights towards an vunderstanding of. the
shape of pucleus in the mass region near A=100. |

We shall end this ~dissertation with a brief
presentation of possible extensions of this study in the

~

future.
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IT- MASS AND ENERGY - N o
IT-1 éeneral k
In nuclear. science the "mass" of a nucleus

represents ‘the exact mass or its total energy. Mass is
thus, a fundamental propérty from which predictions of a
number of the other nuclear brOperties of a nucleus can
be made '(décay energiés, reaction energies, energies |
released in fission...).

Since Lagrange, "the theory of the Science of
mechanics and the art of solving all problems that arise
therein" was _wreduced 7%0 a general formula whosefg{;ple
application;J;j:E\gil the equatiénS‘ necessary for the
solupié% of eﬁéry problem". This general formula is the
Hamiltonian function, that ;s,.the totél energy of the
systemuéri'ten out as a function of the generalized
coordinatds_(or degrees of freedom) specifying the stéte

cf motion of the system.

Nuclear forces are not yet Qell enough

understood to derive such a general formetla from first

t

principles; the main obstacle being the complexity of

nucleon~-nucleon 1interactions within the framework of a

¥

many body system.



%
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However, self-consistent calculations»of nuclear
masses use a simplified ﬁuéléon—nucleon inﬁeraction to \
dérive ~ the total Dbindjing energy of “the ‘nucleuéi_
Semi-émpirical' mass' formulas on the other hand
constitute a macroscopic description of the‘nuélear mass
where’ the nueleus is treated as a whole.

4t Most-mass formulas are mathematical expressions
of suitable form with parnameters adjustable to fit the
known masses (experimental data). The different

approaches that have been taken to devise such formulas

Wwill be examined briefly below. ////,~'

1I-2 Mass Formulas.

K

II-2—1 The liquid drop model equation
\ 5 '

(63
FY

-~
The starting point of most semi~kmpirical mass
calculaéién' ‘is the famous Bethe-Weizacker liquid drop

model equation (Wei-35, Bet-36)
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1 2. -1

2/3_ 4 (a-2y? amtea 277346,
sym c

B(A,Z)=a_A-a_A
v s

Here, the total binding energy B(A,Z) iss.given
as the sum of the volume, surface,symmetry, Coulomb- and
pairing energies in the successive terms above (av g

a and a are empirical coefficients). The
sym c
deviations of energy values calculated from this crude
formula from those obtained from experiments are of the
order of 5MeV, which is fairly good because this is only
of the order of one per <cent of the total binding
energies involved. However, the fission barrier for
heavy elements is of the order of these deviations

B(235

( U)=5MeV).

An improvment to this formula was provided by
addition of a dorrection energy term due to the

existence of shells in the nuclear s§tructure to the

energy term of the liquid drop.



16

11-2-2 The macroscopic approach with shell

corrections 5.

The '"droplet model" of Myers and Swiatecki is
a two-part model, made up of a smoothq macroscopic part
corresponding to the liqﬁid drop abproach, ‘and an
oscillating microscopic part corresponding to a shell
model calculation. Althou%h, both parts confain shape
depeﬁdent parameters the effects of the deformation is
mainly accounted for by the shell correction term
(Mye-66). -

It is the shell correction term that accounts

for the main difference between the various existing

droplet model mass equations.

Seeger and Howard (See-75) have devised a
shell-correction term based on a microscopic
Nilsson-model calculation #HNil-69). The result is then

normalized to the macroscopic part using Strutinsky's

procedure (Str-68).
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" II-2-3 Shell model calculations

~kiran and Zeldes (Lir-76) have devised a
shell-modellsemi-empirical mass equation where the total
energy of the nucleus 1is the sum of strong-pairing,
deformation and Coulomb energies. According to the
shell configuration of the Valencé protons or neutrons
this approach gives rise to different equations.

In order to | obtain the semi-empirical
coefficients, each of the 15 different shell regions 1is
treated separately. The number of these coefficients is

usually very large (a.few hundreds) (Lir-76).

I1I-2-4 Mass Relations

While all of +the above - calculatioés were
constructed on theeretical models, Garvey and Kelson
(Gar-69) have derived relationships between the masses
of neighbouring nuclei where Qery fewfassumptions about
nuclear structure are necessary. The agreement with
experimental data of the "transverse" relation (see

NDT-76) is very good, the average deviation being about

100 keV.
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The danger of such a method is the possibility
of small systematic errors which can accumulate in the
repeated application of the relationships for nuclei far
from stability (Wes-72). To prevent such  errors in
large extrapolations, . generalized relationships
including an effective neutron-proton interaction have
been derived (Jan-76a). The number of parameters, which

have to be deduced, reaches 500.
II-2-5 Self-consistent calculations

The first approximation consists of describihg
the nucleon~nucleon interacti®n by a potential function,
V(r), where r is the distance between the two nucleons.
Once V(r) is provided, the problem is to modify this
function in order to take into account the fact thet
nucleons are not free in the nucleus but depend upOe all
the others. The resulting new interaciion is called an
"effective nucleen-nucleon interaction". The nucleus is
then described as a many body syéteﬁ in which each
particle moves 1in an average potential set by all the

others. This %pproach corresponds to the Hartree-Fock

treatment of the nucleus (Bei-T6).
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Because of the poor agreement between
experimental data and the calculations. derived froh this
approach, sélf-consistent calculations will not be
considered further.

Table I taken from (Ale-T7T) gi?es a brief
summary of the main features of the mass expressions
briefly reviewed above. It is wofth noting that these
mass formulas give rather gdod fits  to known masses,
i.e, masses of nuelides in and near the valley of beta
stability. This is not surprising since the parameters
used 1in these formulas are adjusted from a fit to these
known masses. Thus, new experimental data is needed to
test these models further by allowing a comparison of’
the theoretically predicted masses with new mass data in

regions away from stability.
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Table I. Summary of the main features of the mass formulas used in
the comparison between theoretical predictions and experi-

mental results.

No of Fitted Goodness of

Authors Re f - Features Coeff to fit for Mex
(MeV)
Myers Mye 76 = Improvement .of 16 Wap 71 see
: droplet model. NDT-%6, fig.3

Fermi-gas level- . page 415

bunching with

deformation

\\\ﬂ/// ‘ attenuation

Seeger, ~ See 75 Shell and de- 9 Wap 71 - o'=0.704a,b
Howard’ L formation en-

ergies from

Nilsson model

and BCS pairing
Liran, Lir 76 Sum of strong 178 Wap 77 oc=0.2762
Zeldes pairing, deforma-

tion, and Coulomb

energies
Garvey, Gar 69 Transverse 477 Mat 65 c=0.0922
Gerace, Garvey-Kelson
Jaffe, mass relation-
Talmi, ships
Ke Ison
Comay, Com 76 Average values subsets Wap 77 <|M-Mexpl>
Kelson and uncertainties of known :

. ' = 0.102

from ensembles of _passes

R G-K mass tables

ped

3Root-mean-square error, [2: (xj - 302/5]1/2.

bEor binding energies.
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II-3 Mass measureéments

&

II-3-1 Definitions
The atomic mass is defined as
M(atomic) = M(nuclear) + (Z.mg=B(Z))

where my, 1is the méss of the electron and B(Z)
is the binding energy of thg Z electrons in the ﬁeutral
atom. One unit of atomic masé has been internationally
defined as being 1712 of the-mass of & 12¢ atom and this
has set a reference scale fofimass measurements.,

A nucleus is made up of Z protons and N neutrons
but its actual méss,is not the sum of the individual
hgfléon masses. The difference 1is the totai nucleaF

biﬁging energy which can be written as-

——

CB(Z,N) =Z.M(H)+ N.Mn- M(Z,N) ]

where the.masses are those of the cofresponding

neutral atoms.
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V4
If the masses are expressed in mass units, then

this relation can be written as

Mex(Z,N) = M(Z,N) - A

wHere Mex(Z,N) is the ,so-called mass excess.

Generally, nuclear masses are expressed as mass-excess

values. -

The difference betweens the mass excesses of two

R

isobaric nuclides, related +through beta decay, defines

the @ -value or beta total decay energy of the parent

nucfide. .. The successive addition of these mass

differences to the well established masses of the stable

nuclei can then lead to the determination of the masses
: , !
of any radicactive nuclei. /

S

I1-3-2 Techniques of mass measurements of

/,

> . . ’ . : A
radicactive nuclides :

a- Direct mass measurement

A mass spectrometer is an instrument in which a
combination of electric and magnetic fields is used to
separate-ions of different’ masses, and measure their

masses.
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In the case of Iight nuclei (A<4Q), it has been
shown that. with a single stége mass specfrometer one
can measure on=line maS;;s of sodium isotopes . with
relatively good pfecision,i;e. 100keV for A=30 (Thi-=75).

To maintain the same accuracy (~ 100keV) for
heaviery nuclei = (A>100) reduires the wuse of "double
fogpssing" mass spectrometers (Egh-79). To compensaté
for. the aQSOCiated low transmission (1% for Na) of such
machines, oné requires an adequate intensity of the
radioactive species ‘of interest. This is the case at
the»ISOLDE Isotope Separator at CERN for a number of
" chemical elemehté (Rav=-T6, Car;78).

Actual measurements are done on-line by
comparative stydies (Kla-74), that 1is, a mass M1 is
determined relatively to ope or seyerai well known
reference masses' (M2,M3,...).

Along with the restriction of Eheir use to a few
elements, such systems ar; expensive andaelaborate,

Ihe mass spectrometric arrahgement called an
"isotope separator" coupled with new on-iine techniques
is, 1indeed, one of the most powerfual toozs of
investigation in nuclear science. However, its mass

separation only serves as an identification system and

i

no actual masses are directly measured.

« ¥

2
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b- Mass measurements from nuclear reactions

o

“

Near the*bottom of the valley of beta-stability
a very good ., precision (in: the order of 1keV) ¢an
éenerally be achiéved in the measurement of masses
through nuclear ;eaétions. |

Actually, most of the knownﬂ masses have Dbeen
derived from the "Q's" of nuclear reaéti;ns.such as

~

(p,a),ifﬁ, He) or (t, He). The higH precision 1is a

conseque#fce of the hlgh“\Prec151on »achlgved in the

meéasurement of the kinetic. 'energies of charged

particles. . T

-

c- Qg—valu% determination

Another traditional approacﬁ f% \ mass
measurements is the determination of « Qg :>§1ues.
Generally, Qg-galues are‘obtained by summing the maximum
energy of the beta pafticles of the deéay;ng nuclide and
the excitaéion energy of the level populatgd in the

daughter‘nuclide. ( The recoil energy of a ‘nucleus of

A=100 emitting a'beta particlé of 10MeV is in the order

- of 500eV. Thus, recoil energies are considered in this

: b
study as negligible, the experimental errors being in
the order of 56-200kéV). Such determinktions reqliire a

good knowledge of the parent decay cheme = and level

structure of the déughter nuclide.
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Experimentally, coincidénce methods are, in
general, required if such d%terminations are to be made
with. -a high degree of confidence. When the beta
branching of the parent is ‘knan, a “beta-gamma

coigp(?énce e%periment where specific beta end-point

enefgies are measurgg’zs>be in coincidence with specific

-

gamma~rays of the daughter nuclide determine uniguely

the qvaa%ue associated with this decay.

6énerally the achieved precision is in the order

of 100keV. The difficulties lie in the determination ot;/,_,\N

the end-point energy of continuous beta spectra and in

the decay scheme construction.

Beta-ray spectrometers,  plastic scintillators,

and recentiy intrinsic Ge detectors have been

used floy ‘the measurement of the energies of beta-rays.
Si(Li) teSEoré have very good resolution. Their main
disadvanta
thick enough to stép high energy electrons (>3MeV).

| However, special arrangements can be found

(Ale-77) which extend the range of commercial Si(Li)

detectors to beta energies up to 10MeV.

-
o

~—

2: that they are very difficult to make
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intrinsic Ge of high .purity 1is the newest
detector material and is still under development.  These
new counters should have high efficiency as.wel{Aas,good~/
resolution (Gou-?Hi. HoWe{er, one of their ’présent
disavantage 1s the relatively high sensitivity to the
"bremsstrahlung" process which increases as Zz‘(Z is the
atomic number of tbe‘detectioh material) and distorts
the response of the detector at high electron kinetic
energy. ’ : K

Plastf@ scintillators are inexpensive. They can
be bought in large sheets and can be machined in ’nearly
any desiredg shape. They represent an extremely useful
and versatile tool. Owing to their 1large sensiﬁive
vblume7 their tgtal counting efficiehcy can approach. 100
percent. This feature conjgined with their excellént
time resolution (decay time in the horder of _1-10ns)3
renders them particularly véluéble fpr‘ cpincidence
experiments. However, due tq the several statistical
processes involved in’ producing the oﬁtpuf electronic

signal Q%e energy resolution of scintillation counpers_

is limited.

A plastic scintillator counter has been chosen
as the means of measuring the energy of beta-rays in all

beta-gamma coincidence exberiments of the present stud?.
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SPECTROSCOPY

III-1 General

Even-even nuclei in regiohs of deformation have
very characteristic excited states. The ground-state is
obviously.d+(J”). The first excited level is a 2+ state
'énd its energy 1is very low, typically 50-100keV for
nuclei ;éar A=z160. Theoretically, in a way very'similar
to molecular ratation, the low-lying ehergy levels can
arise from the rotation of the déformed nﬁcleus., Thus,
a series of energy levels with spin and parit;es

O+,2+,4+,6+,..., is predicted for deformed nuclei. Such

series are called rotational bands (Mar-70). In most
regions, the energies of the first 2+4excitedﬂstate

change smoothly when varying the neutron number’ N,

keeping Z constant and vice-versa (Che-T4). The

transition from spherical to deformed behaviour 1is
characterized by a rapid drop in the energy ofyfhe first
2+ level and an increase in the EWH+/E2+ energy ratio.
As this ratio approaches 3.33, the value for a rigid
rota£or, the energy of the first 2+ state <changes 1less

\ .
and less from isotope to isotope (Boh-75).
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IIT-2 A=100C Mass-Region

If strong changes in the energy of the fir 2+
levels may be regarded as indicative of transitign from

the vibrational to rotational modes and of~"a strong

change 1in' nuclear softness, then it appears that this

transition_occurs betweén neutron numbers 58-60.for the
Fﬁight fission fragments from uranium. The energies of
the lowest 2+ state and the ratios EM;/E2t‘ for the
nuclei 1in the mass region near A:1OO are skown in fig.3

(Mfa-?M). The most striking case 1is that of the

Zirconium isotopes (Z=40). The abrupt change in E2+ and,

c ’ 8 100
Ed+/E2+ values between 9‘Zr and Zr .is much sharper

’ o 150 152
than the- corresponding change between Sm and Sm,

. which shows the well-known discontinuity for N=88 and

N=90 isotopes. In the neighbouring Mo(Z=42) isotopes;
the changé in the first 2+ level energies between N=58
and - 60 1is ;gain much less abrupt énd in Ru(Z:MUi the
tranSitionﬂfb rotational behaviour is relatively smooth
and gradual._ A recent publication (WO1—77) has reported
a ve;y abrupt change in similar energies between 968r

and 98Sr.
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Figure 3. Energies of Ey+ and Ey4+/Er+ for neutron-
rich nuclides of masses near A = 100
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Theoretical calculationsjfor deformations in the
light fission product region have been carried out by
sevefal authors (She-72,Ars-69,Fae-742;mﬁHowever, noné
of thege calculations predict thevexistence'of a sharp
transition Yregion for the Zr isotopes. The transifibn
in the %alcglations is very smooth whén comparéd with
the data. Experimentally the nucleus 962r appears to
have eitra stability due to the <closing of two
subshells: the 2P/ protqn level at Z=zUQ and the 2d5/2
neutron level of N=56. This stability apparently is
‘quite localized since the addition of four neutrons
brings on a rapid onset of deformation. The
calculations do not reprQ&UCe the 1increased /stEbility
for 96 Zr and therefore predict the onset of deformation
to be more gradual than observed. A recent publication
(Kha-78) reports good agreement of the experimental
level energies with postulated triaxial deformation for
lOOZr. However, more data are needed to reveal the

intriguing nuclear structure in this region near mass

100.
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III-3 The "Pandemonium" effect

By creating the fictional nuclide, Pandemonium
and studyiqé; its beta-decay J.C. Hardy et al have
’B;\ o >

y

demonstratedﬁh¢@at beta-decay branching ratios and
ft-values Véeracted$ from gamma intensities must be
regarded as doubtful for most beta-transitions in
complex decay\ schemes (Har-77).

The nuclides under investigation in the present
study 1lie far' from the wvalley of beta stability and

'
therefore exhibit generally high total beta decay

energies. As a conséquence, many beta transitions may
contribute to the decay of these nuclides. Hence, a
beta spectrum in coincidence with a gamma line of

‘deexcitation of a low energy level in the daughter
nuclide may be the result of the summation of many beta
transitions. of weék intensities. Such a spectrum can
then be regarded as the result of the statistical
population of a sea of highly excited states.

At excitation energies of the order of a few MeV
the traditiona1>spectroscopic desscription of the nuclear
states as discrete energy levels losesrits significance.
The beta strength function as defined in
ref.(Han-74,Ale-75) permits a more adequate description

of the behavior of these excited nuclides.



However,” low lying energy levels 1in daughter
nuclides are not as bunched as high excited states
(especially 1in even-even nuclides),  and therefore
beta tfansitions populat&ng such levels should generate
electrQP spectra'whose end:point energies could be 1in

principle well differentiated.
IV- EXPERIMENTAL TECHNIQUES
IV-1 Production methods

The neutron-rich nuclides of interest were
broduced using ihduced fission of batural uranium (foil -
of 270mg/cm2) either with fast neutrons at SFU or with
high energy (480CMeV) protons at TRIUMF.

The Texas Nuclear Corp., model 9900 neutron
generator, located at Simon Fraser University, produces
14-MeV neutrons using the T(D,n)a reaction. The flux is

2.5).

typically of the order of 5x107 n/(cm
At TRIUMF the availability of the intense,
intermediate energy proton beam was utilized to induce

fission in a similar uranium foil.
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TRIUMF is a sector-focussed isochronous
cyclotron which accelerates H- ions. Sﬁripping of the
H- ion at appropriate beam orbits leads to essentially
100%  extraction of an external proﬁon beam of a
pre-selected energy. This machine 1is capable of
delivering simulfaneously two proton beams of different
energies, each individﬁally variagle froh ‘18OMeV=fto

525MeV.

Fig.u displays schematically the cyclotron and
the "proton hall" where the present experimental set-up
is located.

The SFU gas-jet facility is situated near the
end of the U4A beam-line, which' is shielded for gn
uitimate beam intensity of 10microamperes. For most of
the experiments described below, the energy of the‘
proton beam was either 480MeV or HU2MeV with a typical
current of a few hundred nanoamperes. Some gamma;gamma
coincidence experiments were performed with a beam
current of about Imicroampere at U485MeV. |

The mass, charge distributions and yield  of
fission fragments produced from the two pro@esses are
expected to be different (Lef-66). Howévér, these
differences do not affect spectroscopic properties of

produced isotopes. . j
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IV-2 The gas-jet transport system

An ideal method for studying properéies of
nuclei far from stability 1is an on-line isotope
separator (ISOL). It can provide A and Z selection of a
particular gpecies from among a la;ge nu%ber of reaction
proddcts. Such devices, - hoyevec are expensive and
sophisticated. Athough, great improvments have been made
in the recent years, there still are elements which can
not be delivéred by ISOL machines (Rav-76).

~ An alternafe approach wbich compleménts studies
at ISOL facilities 1is the_ gas jet recoil transport
method. It can be used to transport essentially any
reaction product from point of produectiqn to a2 detection
area of low Eadiation background, rapidly (~ 1s),
efficfently (70%) and over a long d{ftance @ 30m) . e

The gas Jjet system also .producés very thin

active sources allowing alpha or beta ray measurements.

; Such systems are much 1less expensive, and
largely not chemically limited but it is impérative that
some selectivity be achiqyed through the detection
system 1if specific isotopes from the large number
produced are to be studied. This is the approach taken

in the present study.
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In 2 gas~~Jjet system, nuclei 'recoiling from

huéiear reactions 1leave the target and are slowed down

in a gas before being transported through a capillary
tube at closei to sdnic velocity to a region of low
radiation background. The gas jet emerging into va%uum
from the end of the capillary and carrying the recoils,
is- allowed to impinge on a solid collector (fig;Si.

It has been shown by several research groups
(Mfa-74) including the S.F.U. Group (Wie-73) that the
presence of gas-ph;se molecular 91usters as carriers 1is

a necessary Component for efficient transport of

radicactive products..

In most repcrted applications helium has been

»

used as a carrier gas to transport activjtie§ over short
distances (50-100cm). When suitable molecular clusters
are added to the Heiium, the distance of transport can
reach -several tens oE meters with very little loss of
activity. |

The gas jet system wasiiinitially devélopeé at
SFU wusing fast-neutron-induqed fission of uranium to
provide a source of rad&oactive species. In Fhis,system
éthylene gas was used as both fthe’ sourée of the
necessary clusters as well as the cé{rigr gas. Cgmplete
details of these studieé can bex found elsewhere

(Dau-73).
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The overall efficiency Qf ﬁhe system at SFU was
measuréd’ (Dau-73) to be abogt 75% for.fissfon fragment
transportation. = However <calculations. fWie—750) have
shown that 20-30% of ’ﬂoéses occur ingfthe pr;ductioﬁ
chamber vwhére recoils reaéh tﬂe sidg walls before being

thermalizéd. THus, the measured overall efficiency

reflects little loss in the transport process itself,

The present arrangment of the;targetéell of'tbe
SFU gas-jet transport system is schematically ‘depicted
in fig.6. The length of the pro;Lction chamber can be
adjusted to match the mean recoil energy of the reaction
‘products. For the fission reaétion‘the length was¢8cm
corresponding to a volume of 160em3. To reduce

a%givation betweeh experiments, the whole chamber can

e

remotely be lifted up out of the beam-line. Also, the
tgtget ladder can be moved up and down by remote control
and thus, six different targets ;may be used in one
run. The flow rate of the 'helium' gas at an outlet
pressure of about c;o atmospheres was in the order of
40em3/s leading to a pressure in the production chamber
" of about 1 atmosphere and. a pressure in the collec%ion

chamber of about 1.5mm of mercury.

%
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.
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A beam of 500nA-with such a flow rate of helium,
typically provides, for a collection of threb seconds,
an active spot with a counting rate of 5000 counts per:
second using the X-ray counter described in section V-1.

e The&ggs carrying Eﬁgﬂragioactivity .was ailowed,
to impinge onto a discardég:}omﬁuter magnetic tape in an
externally controlled méyagﬂexatape. systeﬁ (fig.5).
After a collection time of typicaily 3-1b seconds, the
tape Qés movéd‘ a pre-determined distance to bring the
collected sémple‘of radioactiyity to & position 1located
between an appropriate combination of detectors, for a
éounting ﬁeriod which Qaried betweenn 3 and 60 seconds.
The timing of the different seQuenéEs was coﬁtrolled by
the computer associated to the—data écquisition systeﬁ.

&

" IV-3 Chemical selectivity
IV-3-1 The ethylene syétem

The studies described below were undertaken to
test the dependence of the Z of the fission products on

the transport efficiency of the eghylene gasvjet system.

/

v/- "
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An energy spectrum between 5 and 150keV was
recorded for .each different flow rate of ethylene gas
pontainihg clusters. Two reservoirs of ‘ethylene ‘gas

were used, One was capable of supplying clusters

&

whereas the gas 1in the second reservoir was kept at a’

pressurg under thé critical pressudf, thus preyenting
the fogmation of ciusters. Both reservoirs were coupled
together in ogde} to keep constant thé total inlet gas
flow. The relative Yyield Of most of the intense peaks,
normalized to the - 137.7kev gamma line was obéér;ed to

remain about constant throughout the flow-rate variation

Studied (Wie-75a).

\ »

A striking ‘features of all those spectra was, the
lack of X-ray lines correspgnding to Te, I and Xe X-ray
o

energies, Comparison

f the X-ray spectrum obtained

from a catcher foil aced directly behind the uranium

target (no gas-jgt was uéed) with that obtained through
‘the same proc e of ir?adiat{dn, delay and counting
periods but usi;g he gas-jet syéfemk proves that some
elements such as Sb, Te and-I are not colleéted by the
gas-jet system. An interpretation is that wuncollected

products are formed either in the gas phase or fdfm

gaseous compounds with the fransporting clusters and-

thus do\\not "stick" on the collector. The relative
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intensities of all o}her‘major peaks, corresponding to
collected elements; normalized to the same Sb k, X-ray
line, have been determined for both spectra. | These
intensities appear to remain about constant for the>th
spectra. Thus, while the ethylene gas jet systém may
act as 'a selector for certain elements, for collected

species the efficiency is largely independent of Z.
IV-3-2 Different transporting media

The purpose of thé following studies was
twofold, namely tec a) find other efficient transporting
media to replace ethylene which, under bombardment with
charged particles, might undergo polymerisation and b)
o determine whether other materials would provide any
form of selectivity when used as transporting media in a

gas-jet system.

<

In this investigation  the usual ethylene
" clusters  were- replaoed' by clusteré generated 'by
. I B .
"atomisation" of selected 1liquids. Figt7 shows the .

design of the aerosol generator (Wie-T75b).
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Clusters were made 1in each <case by blowing
nitrogen gas through the "atomiser™. The cluster
density was varied by changing the amount of nitrogen
entering the atomiser. The total gas flow through_thé
capilla;% was kept constant by accordingly changing the
amount of nitrogen supplied by the second reservoir (see
fig.8). Between two runs of different liquids, the
system was "flushed" with nitrogen alone to eliminate
traces of any remaining liquid. An identical
experimental procedure was followed for each 1liquid.
The yield curve for each individual liquid was then

"obtained by integrating the collected activity between 5

and 150keV (fig.9).

The comparison between the X-ray spectra of
fission fragments transported via a given 1iquid
indicates, as 'already seen for éthylene, that the
variation of the cluster concentration does not cause~ a
variation of the pattern of the spectrum, i.e., the
relative peak areas remained constant through the

flow~rate variations studied.
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Chemistry between transporting clusters and
recoiling nuclei has “been shown to be a means of an
on-line sélectipn system (Kos-75, Cab-75). At TRIUMF,
similar chemical selection has been observed when using
an argon gas target (Bis-76).

In the first part of the experiment, the éréon

and the ethylene-gas, with clusters, were mixed together

‘before entering the production chamber. In the second
part, nitrogen gas was 1injected 1into the atomiser
containing[methanol. Ar-gas was then added to the

mixture at he outlet of the atomiser. Fig.10 displays
the two gamma-spectra collectéd using a Ge(Li) counter
at the end of .the éas jet* system. The tape-drive
collection system was used to collect the transported
activity. The‘sequence of 10s-collection/10s-counting
was repeated~continuously until adequate statistics were
obtained. It can be seen that halogen products are only
collected when methanol was used.

This selectivity was used to colléct 20_21F from
the spallation reactions induced by 480MeV protons on
natural aluminium. The end-point energies of the beta
spectra ésSociated with the decay of these isotopes were

used as high energy points in the calibration of the

"beta telescope.
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Although,rno tréce of polymerisagion has been
observed in the TRIUMF sy§tem with ethylene, i hag been
preferred to use helium-gg; carrier of methanol droplets
’fbr‘;all spectroscopic studies of fission products. The
‘méin reason for such a choice was the high intensity. in
the collected gamma-spectra of the annhilation
gamma-line at 511keV (arising from beta-plus decay of
low Z nuclear reaction products of C or .N) 4when using

ethylene or nitrogen.

V- DETECTION, DATA ACQUISITION AND DATA ANALYSIS
TECHNIQUES ’ -

)

V-1 Gamma detection

The low energy gamma counter employed in this
work was .a O.SCé coaxial G&(Li) detector which had an
energy resolution of OQSOkeV for iu.ukev gamma-rays.
The high energy gamma detection system consistgd of 2
Ge(Li) detectors. One of 40cm 3 with  an energy
resolution of 2.6keV for 1.33MeV gamma-ray and “an
efficiency of about 5% (relative to a 3"x3" NaI(le
crystal). The other was a 60cm 3counter with an eﬁergy
resolution of 1.9keV 'for the 1.33MeV gamma-ray and an

efficiency of about 18%.
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The energy calibration of these gamma counters’
- was performed by using standard sources. 2L+iAmrémd QOCO
were used for the X-ray qounter and 22%Ra and 22Na for
the gamma counters. The effiency of the Ce(Li) gamma g
systems as a function of energy was determined using the

*?®Ra  source (Bow-74) while the 228Ra, 57Co and-241am

sources were used for the dé(Li) X-ray systems.

The absolute efficiencies of the Ge(Li) counters
uéed in beta-gamma experiments have been measured at a
source-window distance corresponding to the experimental
conditions (.5cm). A calibrated source of 2%l am was
used for the 1low energy gamma detector while,; a.
calibrated source of‘SOCo was used for the high energy

gamma detector. 6.5% efficiency was measured for the .

.5cm 3 Ge(Li) detector at 59.5keV while for the60cm

-

Ge(Li) detector an effiéiency of 5.5% was measured at

1332keV.
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V-2 Beta detection
< V-2-1 Description
Theg®etector used to measure the kinetic enérgy

of beta particles is a DE-E plastic scintillator counter

made of NE102A pléstic. Such a arrangement helps to’

reduce the effects of background radiation, e.g., from
the nearby collection qut,i to .minimize the gamma

sensitivity of the>detector and to lgwer backscattering
effects (Bec-69). Also, it acts as a collimator by
reducing the solid éngle of detection, thus allowing for
removal of most of thé events éorresponding to beta-rays
esqaping_ the 'E-detector and not deposi}ing their full
energy. /

The DE detector is a 1mm thick disc, 2.54cm in
»diameter. Tﬁe E counter is a cylinder 5.08cm in diamepef
and 5.08cm deep. ) A discriminator was set bn the fgﬁ
?ignal as shown schemattically 1in fig.{Ta Also displayed
;ﬁn fig.11 1is the variation of the =energy 1loss versus

&

the kinetic energy for electrons in plastic.

LA oy
The iow energy cut-off permits the exclusion of low
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amplitude signals associated with gamma-rays losing a
little energy (mainﬁ?ﬁ by Compton interactions) in the
DE counter. A high percentage of signals corresponding
to. events depositing too much energy is excluded‘by the
high ambiitude cdt-off. ‘Such events are mainly due nto
summing effects (see below) and electrons backscattered
in the main counter.*‘ Thus, dnly //££<\j51gnals
corresponding to depos&ted energies between 100’ and 300
keV were used in the DE-E coincidence requirements. | A
coincidence output‘ was geﬁerated when such a defined
. signal was coincident with'a sighal coming from the E

counter. :

V-2-2 Calibration

P

"The calibration of the DE-E system was done
using the following -beta standards:

The beta end-point energies from:

32 p  E =1.7104+ 0.0014 MeV (Wap-77)

90y E =2.289+ 0.003 MeV (Wap-77)

+

%% pr £ 22,996+ 0.011 MeV (Wap-77) .

AN
0.015 MeV (Wap-7T7)

1+

106 py E =3.547
X L J
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Two other calibration points were dbtained from the beta

spectra in coincidence with the'§7§kev and 1633keV gamma
| B

-~ : C
lines in the decays of 25Na and |20 F,

respectively.
These 1isotopes were produced via the following nuclear

reactions on an zluminium foil:

27A1 (p,3p) 25Na and  27a1 (p,5p3n) 20g

The associated beta end-point energies are:

o~

f
25Na (976keV) E=2858 + 7 keV  (Wap-77)

+

+

20F (1633keV) E=5398 + 6 keV  (Wap-T7)

Beta-rays from the active spot have"té go
through the thin plastic wall (1/32") of the\ oolléction
arm Before penetrating the telescope (fig.5). To take
this effect into account a piece 'of. the same plastic.was
placed before the DE counter during the <calibration
measurements with the beta standards. - The calibration
was achieved by an iterative procedure. First, a simple
Kurie-plot (Mar-70) analysis was performed to obtain a

first estimate of the end-point channel of each of fopr

&
et

standard beta spectra.
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A fifst calibration line, energy versus channel,
waé thus derived. This line was théﬁ used to analyze
each qalibration beta. spéctrum with the "KURIE" code
(see section V—é) with' the response function (see
section V-6€) folded in. T%e process was repeated in an
iterative manner until self-consistent results were
obtained.

Then, a linear least-;quare fit'was performed on
the six points (4 from tge beta standards and 2 from the
betagyspectra obtained from the nuclear reac£ions on
aluminium) to get the final beta calibration line with
the associated errors. The fig.12 displayé the final

energy calibration of the beta télescope.

The high ‘energy point corresponding Qo -the
end-point energy of the beta transition populating the
first excited state in 11B from the decay of 11Be has

not been included in this calibration (se%isection V-6).

Sum-events occur when two events of energies EI
and E2, respectively are "seen" by a detection system as
one event of energy E1+E2. This effect arises when fhe
time interval between the two events is short compared
with the duration of the individual signal associated
with an event. These sum-events are also referred to as

"pile-up" events. A counting rate restricted to a
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maximum of about 5000c/s was adequate to allow for this

effect to be less than ‘1% and thus considered‘.

negligible.

The absolute efficiency of the beta-telescope
has been measured for th transitions, naméiy, the beta
transition in cdincidence with the 6é2kev gafmma line in
the _decay of Rh  and -that in coincidence with the
1633keV gamma line }n the decay of F. ~For the first
transition (Emax:?.AHMeV) the éfficiency was of the
order of 1% whereas for the second one (Emax=5.42MeV) it
was about 2.3%;

The calculatea' solid angle of the rtelesqope
System was‘about 15%. The DE-E coincidence }equireTent
was measured to. decrease the efficiency by a-factof of
about 2. If. one assumes an (intrinsic efficienéy of the
counters near ~i00%, the totél ”efféé%éncy of the beta
'téleséope should:be about 7%. Thus, the experimental
valués seem lower than expected. However, electrqns
g0 through"the pléstig wall of the tape—collectioh
system (fig.5) and also through the material wused for
preQenting light leakage. -This eftra material ﬁtraps‘ a
large number gf 1ow “enegy éieetrons. It" was then
assumed that such losses can account for much of the

initial discrepancy.
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V-3 Electronic configurations

In addition to "singles" types éf experiments
when only one detéctor is used, it has been necessary to
set up several combinations of detectors and perform
coincidence studies. Schematic block representations of

the electronic systems used are displayed in fig.13.

The statistical variatigr of the time interval
between ‘two events in coincidence can be recorded as a
"time-spectrum". True coincidence between "fast" events
(here "fast" means that the time between two events is
less than 5ns) generate signals of which the amplitudes'
are distributed around a specific\ time and tbus give
rise to the so-called prompt-peak in a "time spec}rum".‘
False coincidence events result in a "background" of
signals spread at random over the entire spectrum.

In general, to differenciate between these two
kind of events, a gate or window 1is set up on the
time-peak so that only events whose time intervals

generate signals inside this gate are recorded.
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The intrinsic time resolution of a ‘coincidenice
system is then the full width at'half.makimum5of’§hié
peak. However, the time window  corresponding “tq. the

electronic gate set at the ~bottom Qf the Sahe peak .

defines the time requirement of the boincidence system
i § | BN : .

and therefore representsf‘ the experimental * time
resolution. ’ j '

v
(3 L >

In system "a",thé'ﬁiméjgesolgtioh was about 3bns
and the time window used/aboutrédh;.*~fhé systéﬁ "b" has
a tiﬁe-reSolution of 12 ns and the time-window was about
20ns. This resolution was mgasurgd fof energiesl above
40keV for - the low energy gamma-linesflé430qkéV) and
above 400 keV for ﬁih? ‘high‘ energy gémmafiines
(150-2000keV) . These regions correspond’ to‘ energy
ranges for which con;tant%fraction dis@riﬁihétorg
(ORTEC-463) have a time-responéé 'indépendent- of the
amplitude of input signals. For lbw amplitLdé signals
corresponding to low energy events tﬁe timé—respoﬁse of
such discriminators depends strongly oh the amplitude

and therefore alters the resolution of the coincidence

systems.
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The resolution achieved in system "b" permits

thg determirnation, by the slope-method, of nuclear state

lifeﬁimes of about 10ns to about 200ns (Mfa-74). The

slope méthod consists of fitting a simple egpqnential
function to the slope of the peak in the time-spectrum,
In the beta-gammabooincidenoe experiments only
t?é' gnerg? deposited .in the E-detector was recorded.
;The energy loss occuring in the DE counter was treated
as constant for particles with energies deposited in the

E-qounter above 1MeV (fig.11).
V-4 Data acquisition system

The data acquisition system is formed by eight

-

equivalent 2048 channel '"stretchers" coupled together

via.-a multiplexer unit to .a single ADC (Tennelec-series

£20). The system stores incoming signals up to an,
amplitUde of 8 volts if the gate in the multiplexer has

been activated. A PDP15 computer 1is associated with

this systemn. A general code, mainly written in focal
language and called FOLDAP (Fol-73) handles all
operations between the computer and the ADC's. Events

are stored event by event 1in the "buffer-tape" mode.



62

Further, extension programs (Dau-79) allow one to record
events according "to special configurations such‘as in
the multispectra mode. For instance, subsequent
off-lihe analysis can generate a series of gamma spectra
in ccincidence with a particular X-ray line as  a
function of time, following irterruption of the

collection of activity.
V-5 Experimental conditions

The collection tape system describéq in section
(IV-6) has been used for all experiments in the present
study. The distance between the collection spot and the
centroid of the detection system is adjusted
mechénically. The speed of travel of the tape cou}d
also be adjusted, and the time for such a travel was
typically about .7s. A stepping motor provided a fapid
‘and reliable means of controlling:the fapé movemént.
The dbmputer associated to the data acquisistion system
controlled the motion of the collection“tape‘in time
sequences defined érior to experiment. A v typical
sequence was as follows ( with the gas jet running

continuously):
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1-the collection tépe moves to cresent' a clean

spot before the tip of the capillary
| 2-the collection period\étacts'and lasts for a

pre-selected time T1 (3-10s)

3-the .tape :moves to bring the active spot\\\
between the selected combination of'detectors. The end
of the motion starts the data acquisition.

U.the counting period lasts a time T2 (typically
10 to 60s). 1In multispectra mode this time is divided
'in n intervals such as.nxt:T2 (typically t=1s)

5-At the end of the counting pericd the tape
moveé twice to present again a clean collection spot. ‘

gcch a sequente was repeated to accumulate
adequate statistics. During off-line analysis 'the n

coincidence spectra were retrieced, with the possibility
of addition. For instance, to improve the coonting
statistics of long-lived nuclides, 60 intervals of l1
second' were typically retcieved as 10 spectra of ls
intervals follow by 10 spectra of 2s intervals and
finally 6 spectra of 5s intervals.’ Thus, 26 points
could be obtained for most decay curves.

Also, in the off-line analysis.it was possible
to set energy thresholds oh beta spectra of interest end

then follow, ;:B?Fately, the decay of the total spectrqy/

and of the high energy part only. P
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7 These times were chosen so that ‘'half-lives in
the range of 1 to 60s could be obtained with goéd
precision even in the presence of a complex decay curve
‘and in- particular in case of a parent-daughter

relationship.
V-6 Data analysis systems. ~

V-6-1 Gamma analysis
"Photon spectrum data were analyzed Jsihg the
SAMPO  (Rou-69) and GAMANAL (Gun-72) Computer codes.
(thes latter being breferred for its more raccuraﬁe
~analysis o{bcomplex peéks). The analysis generates gamma
energies aé&—peak areas with associated errors.
~p | |

///<;\\In X-gamma and gémma~gamma experiments, equal
} /_//

éﬁe(gy windows were set on the peak of interest and
< ¢

preferably on the near Compton continuum of higher

energy gamma lines to extract, by subtraction, the true

.net coincidence gamma spectrum,

I - i

The electronic system "a" ﬁ;jjused in the set-up

of such experiments and the 50ns tiMe window corresponded
to a measured contribution from random coincidences. of

the order of 1%.
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Fig.14 shows a total -gamma spectrum collected
using the 60cm3 Ge(Li) detector, in coincidence with all
beta-rays detected by the plastic telescope, The
spectrﬁm has been divided into 4 energy sec&ions. The J
total energy range is from about- 120keV to 2200keV. The
accumulation corresponds to a one week run with a proton
beam of 50-100nA at 480MeV.
Fig.15 shows the total low enérgy gamma spectrum ,-\
in coincidénce with all high energy gamma-rays oidd’,—”fss“‘—'
energies between 120keV and 2000keV. This spectrum was o
collected for a -two shift period (2x12hours) with’a
proton beam of about 1micro—empere.at H80MeV.
| Fig.1§ displays four typical low energy gamma
spectfé in coincidence with four different X-ray gates,
reSpqqtiveiy. The gamma lines afe-labelled by the mass
number cof the isoﬁépeato wﬁich‘they have been assigned.
| The following tables display the tg}al
resolutions achieved ‘in .the gamma detection system
during typical geta-gemma experiments. These numbers
are generated by the GAMANAL code during gamma spectrum

analysis.
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X-rays and low energy y-rays (5-300keV)
in coincidence with y-rays (100-2000 keV)
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Figure 16.
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gamma energy i resolution
53.9 keV 0.42 keV
93.6 0.49
137.7 - 0.57
229.0 ‘ 0.73

6Ocm3 Ge(L1i)

O o - - - ———— W e W S e - ——— -

gamma energy i resolution
229 keV 2.3 keV
535 2.3
837 2.7
1334 2.9
1750 3.0
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V-6-2 Decay curves analysis

In the single detector experiments, where the
cbuntingr rate involved is vusually high, data were
recorded with a conStant rate pulser signal entering the
pre—amplifier of the detector. From the diffefencé
between the number of counts in the phlser peak rand the
number of - pulses delivered, one can obtain an estimate

of the dead-time of the data acquisition system and

subsequently perform the appropriate correction.

Half-lives presented in this work were extracted

using a least-square fit program allowing for
parent-daughter relationships. The code "FITTIM",
written by W. Wiesehahn (Wie-76), wuses a regular

iterative least square fitting proéedure. The fit 1is,
however, ~corrected for the finite bin width of'thevtime
intervals. It allows for either a fit %ﬁﬂthe sum of up
to three different exponential decays—;&th a constant

background or for a fit of 1parent-ldaughter decay

relationship.
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Thé nuclear half-lives of 20 delayed excited
states have been determined (table-III): The time
spectra of beta-gamma coincident eyentg associated with
chosen gamma gates contain cdntribuiioh froﬁ the Compton
part of gammé transitions® of higher energies. This
contribution was correctedlfor by subtracting the time
spectra corresponding to gahma‘gatés ;ét on the near
continuum; A simple expenéntial'function was fitted to
the slope of the resulting speétfum (Fos-?ﬂ). Fig.17
-d;splays two typical examples of'dgcay cufves obtadined
from(such an analysis. -

When fcoincidentv events- are deteqted in  two
different counters of’différent;energy ranges, each of-
the countérér is associated with one side of _the
time?peak.‘ Thereféré, it is possible to deduce~ the
relative position, in time, of the two events in
coincidence. One event correspords to the population of

the "delayed state" while the other corresponds to its

deextitation.



]
2 2 !FJJFH

Figure 17.

<

Decay curve of the 85.4keV excited state in
105 T .

B

o . ty=215+6ns
' 2
py
D -
-
W =
-
T ' )
.Q l\ = LA T r‘ - R § 13
= 201 _ 40 60 80 100 120
TIME (ns) ’
:‘35 Decay curve of the 1264 keV.excited state in
5 97Zr (Window on’the i103 keV- y-line)
- -~
'~ T:,zﬂ 10015 ns
o .
.
wod
= N
-1
-° T AN T L] 1 i
- 20 ({3} 60 - 80 100 120

TIME (ns) N



73
V-6-3 Beta analysis

Beta spectrum data were analysed' using the
" computer code, "KURIE", written by P. Rogers (Rog-65b)
and modified by W. Wiesehahn to allow it to be used on

the SFU IBM3/0 computer. ;7%

Beta spectra collected by the data acquisition
system in 2048 channels were summed every 4,8 or 16
channels to reduce spectra to 512, 256 or 128 channels
respectively, and thus, to increasé counting statistics
before analysis. The resulting reduction in the energy
resolution 1is <considered negligible when compared with
the errors associated with the determination . of
end-point beta energies. Before the summation, a beta
spectrum in coincidence with a gamma gate.set as close
as possible to the peak of interest was subtracted from
the beta spectrum in direct coincidence with thié'

specific peak.
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The "KURIE" -program first transforms a total
theoretical spectrum, with end-point energies supplied
as first estimates (which may contain several
components), into a corresponding detector pul se
amplitude spectrum and then compares the latter with the
experimental one (Woh-72). For the conversion, a
response-function of the detector (fig.18) is inserted
into the computer code. Such a function defines the
response of the.detector for mono-energetic electrons.
The lack of accessible ﬁ;ﬁbfenergetic electron sources
in the energy range of interest has not permitted an
experimental investigation of the actual
response-function of the telesc6pe and the mathematical
expression of ref.(Rog;GSb) has been utiliéed.\ .

Values of the parameteg; b and W . (fig.18) were
initially taken as b=1% and W5 % as suggested in
refs.(Rog.65b, Sti-78). These parameters' were then

32 o1k

varied 1in the fitting of P and Pr beta spectra,

respeétively until lowest "chi" squares were obtained.
Following an iterative procedure to attain best fit;, a
value of 8% of the centroid-energy at 5MeV was selected
for W. The energy dependence of this width (W) has been
taken as a Yinear function of the square-root of the

electron kinetic energy. The‘height of the tail has

been taken as 1% of the peak height of the distribution.
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The KURIE code permits the fitting of gggctra\
with several components and analyses of d{iowed as well
as first forbidden shape spectra. The proéram generates
2 "Kurie-plot" for the total speétrum as well as for
each component. These curves serve as checks for the
existence of unpredicted branches. The error associated
with the ehd-point energies are generated through the
fitting routine. These errofs are then multiplied by .
the square root of the normalized "chi" sqguare (Xz/d.f.,
d.f.;degree of freedom}. To these individual errors the
calibration error (see section V-2-2) &s 'quadraticaliy
added. Since the eneréy loss in the DE cbuntér remains
approximately constant (fig.11) for electrons of kinetic
energies great rléhan 1MeV, analyses of beta spectra
were only perﬁjz;ed,for energies abové this threshold.

For the 1lge beta spectrum a reasonable fit
could not be obtained with "KURIE" when using the wusual
parameters. A’ good - fit was, howeQer,:areréd at with
b=5% and W=5% 7The increase in b is consistent with véry
recent studies of similar beta telescopes (0tt-79).
Since -the decrease in W could not be easily explained,r

M

the beta spectrum ' of llBe was not usg% for energy .

calibration purposes. ¥
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In view of these results the 20f [ and 25Na
Spectra were re-anglyséd varying the fitting parameters
(b and W). The best fits.were obtained with b=1% and
W=8% for 25Na and with . bz3% and W=8% for 20F. The
end-point energy of the 20F spectrum was raised by 80keV
which is within the experimental error. It has then
beenv/éssumed that most of the error intrbd&céd by the
empirical response function 1is accounted for in the
calibration. |

These preliminary results céil for | further
investigations | andA eSpecially_ ,ﬁdn, egperimehts to

determine the behavior of the Eesponseﬂfuncfion bf the

ES

telescope at high enérgies (>8Me§i for which the finite
sizebof ﬁhe E cqunter becgzﬁa an important factor. ‘
The KURJE code g;Berates, for each individual
beta spéctrum component, the associated logft-value.
This val@é _is a function of the matrix element
associatea with the beta transition and depends upon the
spins and paritieSvfo£ the 1initial and final states
involvéd. ) Thqs,‘ égperimental detérmination of’ the

' logft-value associaté& with a specific beta transition
. y . .

'could'provide information about -°spins and parities of

the nuclear states involved (Mar-70).
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s -In the present study only the A and the total
hélf-life of the decaying nuclide were entered as input
ey if?‘paramdters in these calculations and,‘subsequently,‘only ,

“max imum logft-values’were generated.

A program called "BETAS" haé been written to
generate simulated experimental beta spectra. The code
generétes avbeta spectrum wbich may be the result of the
- 'Summation of Several Spectra whose end-point energies as

well as the total integrated number of counts can be

@
s

l~chosen a priori,  individually. Each ‘individual

e ‘ theoretical spectrum is corrected for the effect of the

response function of, the. detectgr. before summation.
’This- part of fhe program was taken directly from the
KURIE code. The efffct)of Poisson cpunting statistics
is then superimposéd on " the sum~-spectruym so that the:
countsxﬁeﬁ chahnel could be sistrigutqd‘as experimental
‘data. - Due to the statistical natur; of betaltfansiﬁions
. ctbe determihation{of‘end-point energies using the kURIE‘
Vcade] has 'beeg found to be {OO% relié?fe onlyﬂabove a
certain“statisficél limit. Above an averaée of 20 counts
pér. channel the anaiysis was found independent'of the
. , - - - .

total. number of counts in the spectrum as well as of the

,chosen bin width. Under this limit, measured end-point

-
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energies were "usually too low. With an average of 2
counts per channel measured energies may be as much as

150keV lower tnap_the actual value of 4.5MeV.

However, measuredrcnd—point energies were found
closer to thc actual véines with increasing bin width.
Therefore, all beta spectra were analysed with.different
bin widths and when disagreement occured the highest
end-point en%rgy prevailed. In the case of a large
disagreement, the '"chi" squareé values were high ( >5)

angd, génerally,‘the analysié was rejecfed.

All complex beta spectra were analyzed as two
compOnenty spectra where thHe low energy brapch does not
'have, in 'general, any realistic significance. This low
energy branch generally represents an averége of several
beta transitions populating higher levels (Pandemonium
effect). ' ' - b

_ Above tne limit of 20 counts per . channel fper
brénch the determination of the high end-point energies
was found to be very reliable;*Under this limit problems
arise. Depending on the relative intensity and the

separation energy of the the two branches, the high

energy branch may be missed by the program.

——
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The assumption taken when analyging complex beta
spectra with only two comporent spectra has been proveﬁ
to be reasonable one only above thé stafistical lim}t of
20c/ch. and for end—point energies separated by ap‘

@

least 50QkeV.

For the present ekperiﬁental ' resulgpg the
statiSticéf limit of 20counts per channél"éové;ali
fa?erage) correspoﬁds to about 1count per keV. . Thus, for
a spectrum with an end-point energy of 4MeV this limit
corre?ponds to an intégrated number of counts of 4000.
Under/ this 1imit, the fitting routine <can lead to
end-point energies lower than the true~ value. The
differenee; mainly depends upon the statistics and the,.
bin widths chosen for the- analysis. The differgnée
between the true value and ‘the result bf‘KURIE was
ploﬁteé for several total ‘statistics‘ and several bin
widths. Fo;. single component beta spectra where the.
integrated number of ebuﬁts is easily known these curves
help to assess a systematic error to the end-poinf
energy determined by the KURIE code. This procedure
introduces a new séurce of error which was estimated

from the above curves and directly added to the error’

generated by KURIE.
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For complex beta sgectra, other pérametérs such
as the ‘gnd-point sepafation energy and the relative
intensit&es of the two branches render more difficult
the determination of the systematic error og,the_high
energy end-point. .Also, an estimate of the number of

counts in this high energy branch becomes difficult to

assess.

Several tests were performed with the BETAS
simulation program on -two component spectra. An
important result was that for separation energies

greater than 1.5MeV and for an intensiﬁy of the high
energy branch evén as low as 1% of the 1low energy
branch, the true end-poiﬁt r¥alues were within the quoted
errors. This would apply as long as there was at 1e§St
an overall average of 2Dc/ch:3n the high energy branch.
In the present study all complex spectra analyzed as 2
component spectra haVe endquint separation energies
greater than’1.5MeV. However, the constraint imp@sed on

“the number of components could mean that components with..

" intermediate end-point energies were not "seen"™ by

KURIE. .Obviously, this 1is also true for high energy
branches whose relative intensity is low with respect to

lower energy branches.
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Tests on a simplified beta decay of IGQNB have
been conducted using the simulation program BETAS. The
;um-spectrum'of 3 transitions with end-point energies of
4 4;3(8{), 6..4(B2) and 7.0(B3) has been analysed by KURIE
as a 2 éomponent-‘spectrum for several relative
intensitiés. A reasonable end-point energy for the B3
branch wag obtained wheﬁ the average number of\counfs in
this branch was over 20c/ch and the relative inEensities
in the ratio B1=10, 8251, B3=10. For a~higher B2/B3
.intensity ratio the high energy end-point was measured
to Dbe between ©6.64 ang 6.79MeV. Reducing the average
ﬁumber of counts in B3 to under 200/Chv and with

different B2/B3 ratios the high energy end-point ranged

from 6.4 (the B3 component was not seen) and 6.72MeV.

From the above studies, ifv'has been concluded
that it was not feasible to assess gccurgtely the
systématic error due to'low statistics. A weék high
energy branchvmay have been misPed by KURIE. Therefore,
for nuclides of unknbwn decay schemes, thekmeasured
eqd-point energies and corresponding ,dédqced’ Qsdvélue
may only repréesent a lower: limit.

Each individual beta spectral zg;lysis rwas
checked both visually and for tﬁe generated "chi-square”
vélue. Occasionally, analyses prodqced high chi-square
values (>3) but visual inspection indicated that thé

poor fit occurred generally in the low energy region.

o~
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V-7 Isotopic assignment  and decay Scheme

]

construction

Identification of ~“most of the observed
gamma-lines has been achieved by comparing experimental
energies and half-lives with those avdgilable in the

literature. Coincidence X-gamma data help 1in the

identification in Z of the gamma-lines of energies

between 40 and about 2000keV. Then comparison between

i
o4

literature and experimental half-Iives most often gave
the final identification (Z and A). N In some cases,
gamma-lines were .not in coincidence with any X-ray or
statistics were too poor to permit determinagion of‘ a

precise 'decay constant. In these cases, gamma-gamma

T

coincidence data were sometimes helpful, especially when
annown Dﬁneé were detérmined to be in coincide%ce with
an already assigned line.

Coincidence relafionships between different
lines were also required to start the construction of
decay schemes. Relative intensity data for gémma lines
observed in "singles" or in beta coincidence were

J}ormalized and corrected for detector efficiencies.

‘
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Large discrepancies between "singles™" and beta
coincidence data indicaté %hat an intermediate

"long-lived. staﬁe has been populated in the decay

process. < AR

The most intense liqe iﬁ:a specific coincidence
relationship has been assum%d to depopuiate the lowest
enérgy level. ., Further, low-energy gamma;gamma 'delayed
coinéidence. data_, can -sometimes léadé directly,g as
discussed earlier,‘fo the relative positién in the decay
scheme of the two gamma lines under‘consideration.

Relative intensities are only reported for gamma
lines whose identification was straighpfowara (measured ;2}
half-lives -<corresponding to the decay of the isotope of
‘interest). fhese intgnsi%ies were measured from the
beté-gamma coincidence" experiments. The vélﬁes are
7generated By the gamma fitting\roufine. In the absence
of iﬁferfering éamma‘ lines, the célculateg relative<

v

intensities are believed to be within 10% (see the

16 ‘ s
96mY and 1 mAg for examples). - High

—

| decays of
discrepangies between the literature and these values

are %hereforevindicative of interfering gamma lines (see

<@

.. ) . . 96m
the discussion about the 617keV gamma line in Y.

-
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YI- RESULTS

L

: s%' A totq&} of 40 isotopic decays have_  been

A}

investigated through the present study.'vThe Quclides
concerned&cover a range from Z=37 to Z=49 and from ﬁ€;91
to A=123. Many of these nuclides have two isomeric
states,vénd in a few cases\ it has been possible to
determine - the relative position in energy of the

isomers (fig.19).

Table~I1I pfesents a comparison between recent

end-point. energy measurements and corresponding results

obtained in this study. The general good —agreement ¥

shows the ‘féasibility’ of the technique used to derive
beta énd-point energies.

Table-I11I presénts the half-lives of some
long-lived excited& nuclear stafes derived from the
beta-gamma coincidence experiments.

Table-iV presents a compariéon between Q3-values
obtained in this  study and corresponding total beta
decay energies predicted from current mass formulas.

Table-V compiled the end-point beta energies and

associated QB -values of the nucliides studied.

Table-VI lists all observed gamma lines with
* )

their half-lives, coincidence data, associated* beta

end-point energies and their isotopic assignments.

IS

—

4

vt



86

® ' ®
. - |au 66| quB6| qu 16{qu 96jauSE [au 6 |aucElay 26| au 16
° ® [ .
1596|156 4596} 1556|45 ¥6] 45 £6
ol o
A00I| A66| A86] A 16| A96] A 56
_ . ° [
¥JOM SiUy} Ul pBIPNYS 13JINN ® 12201 42 101|12001| 1266 4206 ﬁ:ﬁj
. o | o fo] | o [ofe] o [ofefe] | |
GN $OHINEOI [IN 01| ON I0HAINOOI| IN66]AN 96|
o | o | o . ,
801} oW LOIPWSO! | SNGOIPNPOIPWE Ol oW 2080w
o | o _
21.011{ 21 601| 21.801|21.£04| 2L 90H]2L G0i| 2L #Ol] 21 £01|21201
ny 21l ny oll| nysoifnueol| nu zolingol
° fef [ e ] o
Naw | ua SN 2N Gl | v Olljut 601jue —
BEACARBAR .. -
Pd8il| Pd Lil|Pd9ii|pd GH |od 11 |pdEll|pd 20| Pd 1 s s
/. N [T (o [o] To] [o] [ ®] 1 2>
221{6v121|0v021] By 611)6v 81| 0w L1I| By 911| 8v GIi |6y pil| Bu cii L
' pozel B__N_ P02 B_m._ P28l S_t_ i
_ [ of [oelef Tajof |
ujogifuieziju g21fui 221 ui 9Zijui g1} W pailui g2ijwi 22i1f ui 121w 0z W 6l

/-




87 .
VII- DISCUSSION OF RESULTS
VII-1 Test measurements

The beta-gamma coincidence system was initially

tested using a 106RU-106

Rh source. A befa—gémma
coincidence experiment was - performed during and
after the on-line experimenfs. The beta spectra in
coincidence with the 512 and 622keV gamma-rays of 1FBRh
exhibited end-pqint energies of 3.0éi.14MeV (highér
energy Abranch) and 2.42%* 12MeV, respectively. The
deduced average‘QB-value is 3.54% 10MeV 1in excellent
agreement with the accepted value of 3.54% 01MeV

(Wap-77>.

Errors on the energies of excited stétes _are
~considered to be negligible when compared with errors on
end-point energies of beta spectré. Therefore,”th}
error associated with a specific Qpg-value is, in general ’
the same as that associated with the corresponding beta
end-point energy. Howeve}, when an averagé QB-value i§
obtained from measurements corresponding to différent
decay paths of a particular isotébe,‘this‘mean value 1is

given as follows:



e S S with a§=(52%s, 2 y1/?

cal)

_’2
where w. =g. °
» 1 1

0. csuncertainty on the end-point energy

5 =(r 0.2 yl/2
i
o .=variance of the calibration
“cal R
_Table-II shows the general. good agreement

between ‘ehd;pbint‘beta energies measured in the present

I

.work and literature values.

The excellent agreement between the half-lives

. ' E] .
of the long-lived 93.5keV and 2245keV excited states in

’ 91Rb an?ilzzIn, repectively, measured in the present
" study - and the ‘previous reported ‘values (table—IIi)
demonstrate fh? reliabilit§ of the method of analysis 6f
the time-spectrum data for half-lives‘in the order of
10-150ns. The 103.6keV gamma line was identified as
being'an“uyxgsolved doublet. One tragsition depopulate€es

the 2R45keV level, in 12%In and the other the 504keV

o
A v
level in lOOZﬁy The relative intensity of the 104keV
s : ' .
line in 100 Zr is very low QTI-?S) and therefore, after

comparison with the intensities of other lines in 100z,

and 122In,T the delayij) Régt of 'the tihe spectrum

‘associated with the

1221,

03.6keV gamma line has been

assigned to
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A=91 . S : : .

The main-features of .the decay  scheme (Glé-?é)

o0

of °“lRb* are depicteg on fig.20.  This nuclide had béen

o

studied (C1i-73) éhd, recently Glascock et al (Gla:76)u"

performed a further in-depth investigation.

-

In the present. study, weak coincidences are

observed between the 93.5keV gamma-ray and the 256ﬂkeV
and »3600keV gamma-lines, The decay curve associated’

with the, 93.5keV line is displayed in fig.21. From the

91

fit_ it was possible to extract the half-fife of Rb as

well as that of the pérent My (65 %8s ané T #3s
-

respectively). Theée values are in good agreement with
'

previously measured values (Gla-76) of 58.2 +.2 and
8.57+.04s for 31Rb and 91Kr,respectively.fThe assignment
of the 93.5keV ‘gamma—line td’{the decay of 91gp is
further supported by the measurement of the half-life of
the first excited state in 91Sr. The value determined
in the present work is 87.4+ 3.6ns, in very good

i . : S
agreement with values from  previous measurements

(Gla-76) (table-III).

- , o .

-
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The analysis of the total beta spectrum in
ccincidence with this line gives an end-point energy of
4,93+ 12MeV. The maximum'asSociated logft-value is 5.9.
If one derives the 0Qpg-value associated with  the decay
of 9lpp abco}ding to the decay scheme of Gla-76 one
finds a value of 14.93 +.09=5.02MeV which is about:
800keV less than the previous determinations (Cli-73,
Wun=-78). ‘ ’

The observatidﬁ of a buildup in the decay curve
of the 93.5kev line rules out the bresence of an isomer
state of similar half-life in 91Rb, The Qg-value of
91Rb has been measured by different authors (Cl1i-73,
Wun-78, Woh-78). Most of these determinations involved
the measurément of the end-point energy of the single
beta spectrum observgb after mass sepération. The
measurement of Cli-73 1involved gamma-beta coincidence
techniques but the gamma lines chosen for the
coincidence gates were not listed. A large Ge(Li) was
used and thus, “it seems improbable that these authors
set a gamma gate on the 93.5keV 1line. These authors
show the beta spectrum in coincidence with the €03keV

gamma line which exhibits an end-point energy near

4,9MeV, This energy~orresponds to a transition which
should populate the 1042keV level in Slgr. A sipilar
population would reconcile the measurement of "~ the

present study with the other Qg determinations.
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However, it would be in violent contradictién with the
decay scheme of Gla-76. The study of ref.(Gla-76) 1is
very complete and theréiscrepancy‘between their derived
beta branching agé;the@gend-pOint energy -of the Dbeta
spectfum in coincidence with t:; 93.5kergamﬁa line
measured in tpis/wérk can not be explaiﬁed presently.
It should be pointed out that the beta
ﬁransi;ion intensitiesr derived in Glé-?év are based
entirely on relative gamma and the difficultiés, ;s

described in ref.(Har-77), with such a procedure could

introduce significant errors.

A=04
K-

No decay scheme has been published for 9L+Rb.
Only - two main gamma-lines (837keV and 1578keV) are
listed in the literature and the half-life has been

determined from déL ved neutron studies to be 2.73+.02s
(Ris-79) .

In the present study, the 1578keV gamma-line
decays with -a 2.520.2s half-1ife while the 837keV line
exhibits 2 components: one of 17+2s aﬁd fhe othér of
2.6+0.2s. Moreover the beta-rays of energies greater
than 4,5MeV in coincidence with the 837keV  gamma-line

decay with a 2.7+0.3s half-life,
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In the beté-gahma experiment the centroid
position of the 837keV gamma-line exhibits aﬁ energy
sHift of about 1keV during the counting period. The
initial ~peak at 836.9keV decays while a 837.9keV peak
~ grows in and becomes‘gﬁe dominant peak. This 1latter
1peak aséociated with the 18s half-life-could not be
assigned. This shifting (of "about one channel) was not
observed'for any other gamma-line in the spectfum. ’
IR mainly decays fo g by beta-minus decay
(abﬁut 9% of the decay is known to take place by delayéd
neutron emission) (Ris-79). The relative intensities
(fig.22) of the 837 and 1578keV gamma-lines measured in .
th; present work gré in - agreement ~with the values
reported in ref.(N94;73). |

A search for a growth in“theﬁdggay curve of 945r
was undertaken but (as detailed */below) no growth ~was
actually observed (fig.23). The‘ beta spectra in
-coincidence withfthef837 and '1578key lines are each
fitted by 2 éomponents (fié??ﬂ). For both spectra, the
high energy branch exhibitsla‘similar. end-ppint Zehergy.
7Of1 ébout 6.30MeV (fig,?ﬂ):with a maximum logft-value of

about 5.0 which 1is specifie of’ an allowed beta

transition. - ﬁ! ,
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*L becay curve of the 837keV y-line
(94 Rb)

1> =17.42225

- Figure 23.
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In the gamma-gamma cbincidénce data, there 1is
some evidence for the non-existence of a coincidence
relationship between the 837 and 1578keV gamma lines.
However, owing to poor statistics it wés not possible to
exclude completly such a relationship. If it is assumed
that these two lines are not in coindidence, a lower
limit for the energy of the level populaited by the Dbeta
transition of about 6.4MeV end-point can then be

calculated. An energy of 1800keV corresponding to the

f

upper energy 1limit in the gamma-gamma coincidence
expériments is thus added to the 837ke6 of the main
gamma line to give an excitation energy of about 2600keV
(1800+837). o
This interpretation is in contrad}ction with theA

results of Wun-78 where the authors report a end-point

energy of 7.89+.06MeV for a beta transition populating a
v o .

- 2413keV level (837+1578=2415) in ~ 'Sr. However, these

authors do not indicate that a beta-gamma éoincidence
experiment was performed. If thé interpretation of
Wun-78 is correct it is possible -‘that the authors
observed a beta transition wh&ch would have been m}ssed
in the present study. This 1last interprefatjon is

supported in the present work by“the fact that the gamma

spectrum in coincidence with beta-rays of energies

~greater than 6.5MeV exhibits the 837 and 1578keV peaks

™.

L)
A

N,

N\
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(fig.25). A moré intense transition, wi?ﬁg/a. 6.4MeV
end-point -energy, could then be postulatéé_td populétq‘
an ekcitéd state of higher energy in 9L+Sr'('\AMeV).

The interpretatibn of beta population of high
eneréy levels in 9uSr does not agree with the results of
ref.(Ale-75) wﬁé}e the beta-strength of the deca§ of
B4 Rb is distributed for over 60% between -1 and 3MeV.
However, the aésumptionsl underlying the data analysis
~procedures of that reference, namely' that the gamma
decay of the levels excited followihg beta decay can be:
treéted statistiqally,_may not be valid - in this'_case
where the daughter nuclide, guaSr, is an even-even
isotope with = supposively Qell separated 1low energy

excited levels.

The decay of % r has been well studied (N9L-73)
yhd it is known to populate almost exclusively the
~1428keV  excited lével in 94Y. A -half-1ife of 75.7+.5s
wa® measured previously (N94-73). The decay data for
the 1428keV gamma-line' ié tﬁe gamma-beta coincidence
experiment of the present work could only be fitted with
two decay constants (fig.23)acorresgonding tolhalf-lives

of 1.6+.3s and 78+10s. Furthermore, the associated beta

spectrum exhibits two components of which the high

O
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energy one‘decays with a 2+2s half-life. The end-point

ehérgy of the low energy branch (E=2:14+,70MeV) leads to

a Qg -value-.of 3.57 *.10MeV for the decay of 945r

‘(table-V). . Such a value is. within the experimental

error of that in ref.(Wap-77). No assignment could be
made for the short—li&g? component. X |

An isomer sta£e in the even-even guSr- is not
expected in regard‘ to the systematics in this region.
This new line 1is more 1likely .to come from another
nuclide.‘ Since  there is a iarge difference 1in

%

half-lives, it should be  possible to enhance the

9

observation of the short-lived species with respect to

L .
Sr in further investigations.
A=95

The hnggr energy gamma-line of a doublet

‘observed at 685-68TkeV in the beta-gamma coincidence

95

expefiments was assigned to the decay of Sr  from

ref.(Mon-76). If the high‘energy branch is assumed to
populate directly the 687keV level in 'ng, a Q -value
of 6.15+t.20MeV can be derived (table-V). This value is

in agreement with the published value of"Sti-78.

101 ;s |
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A=96

A Jéak gamma-line at 122.1keV has been ﬁéésigned
from ref.(Sis-76) to the decay of 5Sr. The half-life
of 1.1+0.4s, measured from. from the idaté ofv single:
deteptor ‘experiments, is in agreement with the accepted
value of 3.6;0.15 (Sis-76). The end;point energy of the
associated beta spectrum lhas been determined to be
4,8+,2MeV. Since the decay scheme is known (Sis-76) a
‘Qg-value of 5.7+.2MeV can be deduced (table-V). This
is somewhat higher tﬁan the 5.35+.,10MeV value of Sti-T78.
This discrepancy 1is beliéved to be mainly due to the
poor statistics in the gamma spectrum of the present
study.

Fig.26 displays the decay scheme associated
only with the decay of the isomeric state of 96Y. The
main essential featuressgf this decay were taken from
ref.(Sad-75). This}'isomgric state is assumed to decay
only to the energy 1l®vels U4390keV (90%) and 3773keV
(10%) in 967r, Stippler et al (Sti-78) reported results
which are not in agreement with such a beta bfanching
ratio and attributed a stronger branch to the 3773keV
level. In the latter report the, sources were
mass-separated_ (as in the firSt one) but due to poor
statistics the contribution of all gamma-peaks of higher

energies than the peak of interest (Compton effect) was

not taken into account.
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Decay of Semy
(4237 - p (pu2),nig7/2y
, ' t=10.02+.05s
(o) plpit2),n(s112)’ v
. ?6Y ’ st= 6.08
—%«i'{? ) :
L7 Es,=4.18208 47 z 4390
| 906" |67
; T Eg5=4.22£09 713773
o Eo3=4.22807 452 3483
- 6 !
E,223=4.36%15 w 5 3120
Ei106=4402.3 1 48 2857
1223 1106
E,;=424£00 3 1897
E,,s=4.27%10 vl s 1.750
o+
| 'Og ft 962 r
(energies in MeV)
Figure 26.
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The half-lives correspondfng to. the main 6

7 gamma-peaks have been measured in the presént study and
a meén value of 50.021.083 has been obtained. Such a

result - is in excellent agreement with previous

determinations (Sis-76,Sad-75). . The gamma-gamma

coincidence data (table-VI) also agree with the
published décay scheme. The relatiye intensitiés of fhe
major gamma peakg éalculated from the gamﬁa-beta
- coincidence data are compared with £he values obtained

in ref.(Sad-75) in the following table:

}energies i % present | % literature]

| (keV) |  work . Sad-75 P
oo :
o 1uel7 38+2 40.5 |
: 363 ' 3513 25 |
L 617 C(100:m)* 62. 1 !
| 906 - 1745 20.4 :
1915 7115 66.5 |
1106 58+2 sy
11223 351 - 29.3 |
1 1750 10022 100 !
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The <contradiction observed for the relative

intensity of the 617keV gamma line can be partially

"explained by the presence of an unresolved . 618keV gamma

line, decaying with a similar half-life and assig;ed
to the'decéy of %Mo (table-vI).

Seven end-point energies (fig.27) have - been
measured and these lead to an average- QB -value of
8.63+.05MeV  (table-V) for the high spin isomer of 96Y.
The ground-state @B -value has beeﬁ _reported to be
£.5+.5MeV (S8is-76) and 7.03i.O7MeV' (Sti-78). .The 10s
i1s supposed to lie 400%200keV above the latter (Sad-75).
These wvalwoes lead to a Qf-value for the 10s isomer
which 1is far less than that derived in the present
werk.,

Stippler et al (Sti-78) obtained end-point
ehergies in excellent agreement with thése results.

However,they also observed a high energy beta branch in

coincidence with the ‘146.7keV gamma-line which led them -

<> R

tc postulate a Qg-value of 8,031.15Mév. Such a branch

has not been observed 1in the present study. Fig.28

displays the low ernergy gamma spectra 1in coincidence

with tﬁg beta-rays of energies ‘greateg:thanq3.5 aﬁd
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Beta spectra in coincidence with
y-lines of 96my
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4 .5MeV. It‘can be seen that the 146.7keV line is only
_ present in the low energy window spectfum. Therefore,
the high energy branch observed in Sti-78 <could be due
to contamination from othef isobars. |
The -interpfetatioh’ of Stippler‘%t al (Sti-78) assuhed
that the beta transition of 4.2MeV end—po?nt energy in
coipcidenoe w;%h the 617keV gamma-line populates the
3773keV rather than the 4390keV level in %Zr. The same
authors assume that the high<energy_part%of the spectrum
came from the ’Compton cqntribution éf higher énergy
gamma transitions. Since this contribution has been‘
sbbtracted in the present study, this explanation does
not hold and therefore, the MFQMeV beta branch populates
the 4390keV leved—deading to a Qg-value of 8.63+.05MeV,
(table-V). | |
The calculated logft-value (4.7) for the beta
transition populating the 4390keV excited level in 967r
is specific to an aldywed transition. The possible

shell-model configurations of the two isomers are shown

in fig.26.
Yol

4
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R
T a=97 g
' ~
) 97m ‘ . .
The - decay of Y has been investigated
previously (Mon-76). Two gammaglines 968 and 1103keV

have been assigned to this decéy.‘ A 163-1103keV gamma
cascade déexcites the 1264keV delayed state in 972?,
The half-1ife of the 126UkeV state was ‘measured to be
100¥15ns (table-III) and this is in agreement with the
104%5ns reported earlier’(TI-78).

An énd-poiﬁt ehergy of 5.2+.2MeV was measured
for the beta spectrum in coincidence with the 968keV
gamma line. A Qg-value of 7.U¢.2Me& could = then be

97Y. Such a result

derived for the high-spin isomer in
is in agreement with the valﬁe that one can obtain from
the reported 97y ground-state.QB—value of 6.671.13Mev
(Sti-78) and the energy of the isomeric level of 66TkeV

(Mon=76)(6.67+.67=7.3U+.13MeV). , A g
A=99
The data obtained in the present work (table-VI)

for the decay of 997r are in good agreement with the

decay scheme .in fig.29, reproduced from ref.(Mon-?é);
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»Decay of the A=99 isobars |
(energies in MeV)

(12#) \
97r N:Zli’.ls
Ege=ae3so7  (3122) 100 1015
Eos5s=370 * 14 50 4056 959
: 2

Esoa=3.59t11 w 3 ?31

Eis=3.842.13 594 546
At 544

5]
Eis9=3.6308 35 52¢ 100__469
387
1)2- ‘ 365

\t:u»m
92+

Iog ft - 99Nb \t=14.3:_".58

- E13¢=339205 46 \ZI2 236
1377 ‘
3[2% 098(14 i1S)
% 12t
“ ~ lOg ft vﬁ99Mo
Figure 29. N
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The relative 1intensities|\measured in the present study
are compared with the valueds—~of ref.(Sel-79) 1in the

following table:

i energies | % present | % Sel-79 |

: ékeV) | work | ?

R e e L L L DL L LT l

i 5é.0 - 4 i

i 41 4 24=*3 21 i

I 469 100%3 100 i

« | 5U6 100+3 85 ]
i 594 50+2 49 [

The high value obtained for the 5U46keV 1line
suggests a possible weak interference from an unknown
gamma transition of a similar energy.

The measured beta end-point energies lead to an

average Qg-valué of \ﬂ\gut.06MeV ‘wiyich is in fair
égreement withagzg value of U4.5%+.12MeV reported in
'ref.(Sti-78).

-

w1

< gt
F
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The beta decay of the'grocnd-staté_ of - 99 Nb is
known to populate only the level at 235.5keV in 99Mo
(N99-74). The end-point energy of the beta spectrum in
coincidence with the 1ntense gamma-line of 137 TkeV was
determlned to be 3.39+. 05MeV. ~This leads to a ®-value
of 3.62%.05MeV which is in excellent agreement with that

of ref.(Wap~77).-
%:100

The excited states at 50ikeV and 400kev in 100yp
are the main 1evels‘éssumed to be populated via the beta
decay of 1007y (Sti-78). The 400keV' gamma Lipe' is an
unresolved multiplet m%qg therefore,\ fhe relative
intensity in fig.BO may be' cverestimated ‘as it is
suggesﬁed‘ by the comparison with the value reported ip
TI-78. Since the re;ative intensity of the 10lkeV line
was reported to be small (TI-78) this implies the direct
individual beta population of the 1levels at 504 and-
40OkeV, respectively. Since the maximum legff-values
for ‘these tpansitions' are typicalp ‘of ~'allowed
t:@nsitions the populated levels are 11ke1y to be (1+)

state. The beta spectrum in coincidence with the UOOkeV

¥
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gamma ~ line i§%&a complex spectrum. Although the low
energy branch has a end~-point energy consistent with
that of the beta spectrum in coincidence with the 504keV
gahma line, it has not been included in *the Qg
determination. The measured half-life associated with
the U400keV 1line seems to represent an average value
between the 7.1s of 12%2r and the 1.3s of 102
(table-VI).

The coincidence results obtained in the present
study ~ (table-VI) confirm the . decay scheme of

ref.(N100-74) for the decay of the 100

Nb isomers. In

the present investigation, beta-rays of energies greater
than 4MeV in coincidence with the 535keV gamma-1line have
been measured to decay with a 6.5+1.0s half-life.4 Such
a value agrees with the accepted value for the half-life

of the parent nuclide 1090

100

Zr which populatesthe low spin
isomer in Nb (N100-74). |

The relative intensities measured in the present
study do not agree with those reported in ref.(TI-78).
However, the decay scheme.of the latter reference has
not been assigned to a specific isomer. 1In the present

study both isomers were observed and the gamma relative
N ) &

intensities correspond to the sum of both decays.
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| It is aésumed that the low spin 1isomer, mainly
populated through the beta decay of lOOZr, populates
directly the two first excited levels in 100Mo.  The
high spin 1isomer is dssumed go mainly populate the

2116keV excited state (Sti-78). This is supported by

"the fact that the 1280keV gamma line which deegfites the
i

2416keV level was measured, in the present study, to
decay with a 3.2+.5s half-life. The accepted value for

this isomer being 3.1+:3s (Kaf-76a).

-From the end-point energies of the beta spectra
in coincidence’with the 600 and 1280keV gamma transition
an averagel Qp-value of €£.69+.15MeV can be derived for
the high spin isomer in 90 Nb . (table-V). The high

energy beta branch populating the 535keV level comes

#

almost exclusively from the low spin isomer. The Dbeta

spectrum in coincidence with the 159keV gamma line was
fitted Qy a single component spectrum suggesting a low
contribution from the high spin isomer (fig.31). The

end-point energies associated with these Dbeta branches

lead to a Qg-value of 6.09+.06MeV (table-V).

L
Such a value 1s consistent with that of Sti-78.

However, from the 100Mo(t,‘3He)lOONb*reaction a much
higher value was obtained (Ajz-79). This . 6709+30keV
value is unexpectedly consistent with the QB-value

derived in the present study for the high spin isomer.
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Beta spectrum in coincidence with the
159.6 keV y-line ('°ONb)
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If Ehe nuclear reaction value is confirmed the 'energy
levels in 199 Mo would have to be revised. .

The maximum logft-values associated with the
above bega tfa;sitions (fig.30) imply that strong
allowed beta éransitioné populated‘ the 2416, 695 and
535keV levels in 100Mo. The high-spin igomér in 100yp
lies 600+130keV (the difference in Qg -values) above the

ground-state. A possible single particle‘configuration

is shown for each Qf these states in fig.30.
A=101

The coincidence data for the 118, 157 and the
276keV‘ gamma-lines fit very well into the tentative
"decay scheme for 10lNb in ref.(Kaf-76b). ¢

A The end-poihﬁ,energy of the high energy beta
branch 1in coincideﬁce with the 276keV gamma transition
is consistent with a - direct beta population to the
289keV 1level as reported in Sti-78. The end-point of
the beta spectrum in coincidence with the 118keV gamma
line supports this interpretation.. A 157keV gamma line
has been assigned as the main transition déexciting Ese
171keV level in 10lMo. oOwing to the:éssociated-large-
" error, the end-point energy (4.201.12MerV of the . beta

spectrum in coincidence with +this line is consistent;b

with a direct beta population to either the 171 or the
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289keV level.  Although, this energy is somewhat lower
than that of Sti-78 (4.35 4 15MeV) it 1is within the
- -experimental errors. The relative intensities of the 118
and 157kév gamma lines favor a diréct beta populétion to
the 171kev ievgl in. IOqu. An average Qg-value of
4.47£.11Mev can be derivgd from the three measurements
(table-V) and this is in‘agreement‘with the 4.57+.10MeV
of Sti-78.
The half-life associated with the beta-gamma
‘concident events of the H43.5keV gamma transition was
measured t& be greater than 300ns. »The 43.5keV 1line
“"deexcites the 57keV in L01y, (Kaf-T76b) . Sincg no other
delayed coincidences have been found in the decay of
1014y, this half-life has been associated with the 57keV
level!i’:

5 =

A=102

100

Similar to Nb, two isomers are known to exist

10

for 102Np (ARr-76). The decay'of the two isomers has

been investigated‘ previously (Kaf-T6a). Nevertheless,‘
no relative intensities of _ the main gamma-lines-

associated with this decay have been reported. Thusfthe

values in fig.32 are those measured in the present work.
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Decay of the '92Nb isomers
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Yhigh energy branch
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Figure 32.
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From the proposed scheme (Ahr-76) and the beta energies
measured in the present study, two differehf QB ~values
have been ,obtained. The high—spin state is assumedzto
decayrmainly to the 2480keV level 6f the daughter
nuclide (102M0),via én allowed trénsiﬁion (logft:ﬁ.7).
An average Qp-value of 7.40%.09MeV (table-V) banvthen‘be
derived and such a value is in agreement with that in

ref.(sti-78). The same authors observed an unassigned

low energy component for the - beta spectrum in

coincidenpe with the 1633keV gamma-line. Such a branch
was not observed in the present sgtudy (fig.33).

The low =p1n isomer should/ opulate the energy

states in 102Mo

levels of low spin in the first e&pf%e
The decay of all beta-rays in coipcidence with the
296keV gamma line and of energies greater than SMeV’ has
been followed. Although no conclusive half-lives couid
be extractgd the decay curve is complex. This suggests
that weak beta transitions of hiéh energy end-points
(>5MeV) depopulate the high spin isomer in losz. In
the . present work, a 6,3MeVﬁ energy beta branch was

measured in coincidence -with the 296keV gamma-line.

Such a branch was also observed in ref.(Sti-78).
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However £he same authors reported a 7.1MeV branch in
coincidence with the saﬁe gamma-line which was not
observed in the present study (fig.33). ‘Also, they
~measured the end-point energy (7.2MeV) of the -single

-~

beta spectrumﬁlassociated with A=102 and assi d this
energy to the g.s.-g.s. transition. '/ir h

The latter measurement represents a weak
argument since beta-rays from thekdecay of other isobars
ma;\be present in the single beta speétrum associated
with A=102. Fig.25 shows the gamma spectrum in
coincidence with Dbeta-rays of energies greater than
6.5MeV and a peak was not observed at 296keV. Since
Stippler et al (Sti-78) did not subtract any background,

their 7.1MeV beta branch could be due to the Compton

contribution of higher energy gamma lines existing in-

nuclides of the A=102 chain. If it is assumed that all

the counts in the 400keV gamma line come from 102Nb, the
296keV Aline is still 3 times more intense. Thus it is
postulated that the &.4MeV beta Dbranch populates
directly the 296keV level in 102Mo. |

The Qpg-value (6.69 % 13MeV) derived  in the
present work is then much 1less than that of Sti-78
(7.16%.15MeV). The difference in Qg-values for the two
isomers in 102 yp implies that the high spin state lies

710+ 22QkeV above the low spin ground-state.

LY

- 7
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A=103

The observed gamma-line at 102.7keV contains

103y and 1077c

contribution from the decays of both
(Kaf-76a). The beta spectrum in qoincidencg with this
line exhibits two different half-lives, one short in the
order of 2s and a longer one of .about 20s (fig.34).
Furthermore, the beta-rays of energy higher than 3MeV
decay. with the shorter half-life (2s)(table~VI). Since

103

the reported half-life for Nb is 1.8s (Kaf-76a), the

higher end-point energy (4.86t.12MeV) has been assigned

103yb (£ig.35).

to the decay of

Berg et al (Ber-78) assigned three other gamma
lines (641, 538 and 126keV) td‘ the decay of 103Nb.
Their assignments were based on ‘mass separation and
halfflifé measurements. No gamma-gamma experiments were
performed. The same autﬁors @easured an end-point
energy for a beta transition postulated to populate a

level at 641kev in 103

Mo which is consistent with the
measurement of the present study. -However, they
observed a higher energy ¢(5.34MeV)' beta branch
postulated to popplate directly the 103keV level; Since
neither the 1latter ©betsa transition nor the new\géﬁma
lines were observed in the present study, the derived .

Qg -value (4.99+.12MeV) has to be regarded as a lower

limit.
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Although some information conceﬁning the decay

1903

'.bf “Mo can be found in ref.(Tit-76) a deééy scheme has

not = been reported. In the present study a strong
coincidence between the 45.8keV  and the 423KkeV
gamma—linésf was observed, The half-life of thé 45,8keV -

gamma-line was' measured to be 65 #3s which 1is in

.,

"agreemehp with the wvalue given in the préVi@us
."reference. A 83.3keV gamma-line was also assigned to

this decay in the same,feference and such a 1line has

also been obserVed‘:in the present study, but no
half-life determination could be made owing to poor
statisticS: ~The. énd-point energy of the beta spectrum

%\

in coincidence with- the 45.8keV gamma-liﬁe has‘,beeh

“measured 4tb be  3.29t.17MeV (tablé-V). Since no

vgammaflinebof gﬁeater energy than 423keV was detected in

coincidence with the 45.8keV gamma-line it 1is assumed

that ‘the ‘decay of 103Mo- populates mainly the U469keV

(423+46) excited level in 10310. This interprefation

leads - to a Qg—Qalue of 3.76+ .17MeV for the decay of
3 -
10 Mo. Obviously, owing to the lack of information on

the decay scheme of lO%’!o‘,'this value has to be regarded

as a tentative value.
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The presence of the - very neutroﬁ-rich nuclide

'lOHNb'ihés ‘been observed in the present‘work.‘ A 192keV

..~ gamma-line - assigued’ to 0% o ih ref.(Kaf-76a) .was
measured in the present]-studyfodeééy; with a b5 11s
- half-life.. The value reported in the‘pfévious‘reférence

is 4.8+.4s for oné»ihe two known isomers.

fhé énd-point energy of tBe beta sﬁéctrum in
coincidence w{t?thisliﬁe leads tp'the deter@ination of --
a lower limit of 5.71.5MEV for the QB—vaiue dle& Nb.
Due to the ;}gsent lack of &nformation éoncerning this
decé§7nohbettéraQ8-value cqﬁld bé‘obtained:\

Some information about thé decay of 1OHM6L
nuclide is available. in ref.(Tit-76), but no decay .
scheme has been published. 1In ghq .preSenf stddy thé
gamma-gamma coincfﬁence‘dataf(table—VI) cén be separated
in two groups. On the one hand, the 36.5,69.8,91.0 and
the§\§75HeV gamma-lines are all‘in éoincidence wiﬁh the
68;%kev gamma-line. On the other ihand;. the —BOfb and

55.0keV gamma-linés are in coincidence with each other

and ﬁechnetium_x-rays, but not with transition;frinA the

-~

previous group, except for a weak coincidence between

the 55 and 36keV gamma-lines. In the present study the'

2
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average héAlf-1life obtained for~louMo through the decays
of the 68.7(fig.36), 36.5, 50.0 and 55.0keV gamma-lines
is 55+4s.

The To X-rayg\?qd,the 36;igev gamma line were
observed in“the gate spectrum of the 69.8keV gamma line
'in the gamma-gamma experiments (table-VI). Howeyer,
tﬁese relationships were not confirmed by the gate
spectra.of either the 36.5keV or the Tc X-ray (fig.37).
It~ is. believed that the ©69.8keV gate ;pectrum was
-contaﬁinated by events from the tail.of the very intensé
68.7keV gamma line. A tentative decay scheme has been
constructed (fig.38). . The half-lives extracted from the
Abeta—gémma delaye coincidence data (table-III) are
'conéistent.with the direct population of a delayed (7ns)

lOI+Tc. The436.5keV gamma line wis

sta{e at 105keV in
’part Qf a -multiplet 1in € the X-ray region and,
conséQueﬁtly, the 4associated relative intensity may pe
overestimated. To be consistent with the deéay schemé:
it is assumed that tbis line is highly converted. This
is a fsasdnable aésumption wi£h regard to the low energy
ihvolveé and the delay of the depopulated‘state.

‘ E ;pé meésured end-point energies of the Dbeta
’spectra in’oéincidenoe‘with the 68.7keV and the 55.0keV

‘gamma-lines lgﬁd to an average Qg-value of 2.72:.05MeV.
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Decay of '%“Mo
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A=105
r
— A preliminary decay scheme exists for the decay
of lOSMo' in ref.(Tit-77a). Coincidence data from the
present work agree quite well with this scheme. Two

main groups of gamma-lines can be separated. The fi}st_
group contains all lines in coincidence with thé 85.4kev
line and whereas the second includes thosé in
coincidence with -the 76.6keV line. The 147.8keV and
85.4keV gamma-lines decay with a a?ﬁ?lar half-1life. The
85.4kev-line‘was measured in thé\ﬁ?esent study to decay
with a 35.6%.5s half-1ife. Such a value is, indeed in "~
good agreement with the determination of ref.(Tit-77b)f
From "singles" and gamma-beta coincidenceudata from the
present work, a half-life of U8*l4s can be attributed to
the 76.6keV gamma-line. This vélue is in disagreement
with the measurements of ref.(Tit-77b); However, both
half-lives %re in agreement with the determinations of
ref.(Kis-77). The preseﬁce of two states has -been

1

suggested very recently in ref.(N105-79).
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However, the list of the gamma transitions with
their relative intensities assigned to this decay in the
latter reference 1is not consistent with either the

present results or those in ref.(Tit-77b). In

particular, the 6£GkeV gamma line assigned to the decay-

105
of Mo is believed to belong to the decay of 104 Mo,

The half-life (58%t1s) measured in Kis-77 supports this
latter identification.

In fig.39 the main features of the decay scheme
are reproduced from ref.fTit-??a). Relative gamma
intensities are those measured in the present work. As
a gfowth is‘observéd in the decay curve of the. 85, U4keV

) ' 105 .
gamma line (fig.36) the half-life of _Nb can also. be

determined (T=1.L 2.2s). The two different half-fives
for the decay of 105 Mo imply the existencé
;isomeric state. As no growth can be observe
decay of the 76.6kev'gamma-aine (fig.36) one can
that this 1iscomer 1is populated exclusively via
ard therefore, is likely to be‘a high spin _st

. 105 . . ] S
odd neutron in Mo can either be in the sl/20r>g7/2

state accordinrg tc the shell model suggesting & possible :

1/2+ and 7/2+ spin assignment for the two isomers.
. .

-
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Decay of the '°°Mo isomers
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Figure 39.
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&
The beta spectra in coincidence with the 85.4keV
.and 76.6keV gamma-lines are displayed in’ fig.40 witﬁ the
associated Fermi-Kurie ‘plots. '~: |
It is assumed direct beta transitions populate
the excited 1levels at 85.4 and 147.8keV in *lﬁ%Tc
(fig.35). These transitions are, furthermore, assumed
to arise from the decay of the 1low spin state which
105

should be popuréted mainly through the decay of Nb.

The end-point enegies of the beta spectra in
coincidence hwith these. lfges are consistent with an
averaged Qg-value of 4.72i.OSMeV (table~V).

A beta transition is also assumed to populate
directly the 76.6keV level in 105Tc. This dssumptioﬁ is
based wupon tke measured*relative gamma intensities. A
QB-yalue of 4.22+,15MeV for the high spin isomer in
105Mo cén then be deduced. F}om this ihterprétation,
the low spin isomer is'fopnd t@?ﬁie above fhe high spin
state at an excitation énergy of 430+230keV. "

Under the assumption of direct beta populations,
the 85.4keV levél was measured to be a long;lived state

with a half-1life of about 22ns wheéeas the 76.6keV level

was found to be a "prbmpt" state (table-III).
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From ref.(Kaf~76a) a 53.9keV gamma-line decaying -
. with a 8.6+0.3s half-life has been assigned to the decay

IO%M>. From the coincidence data of the present work

of
 /(tab1e;VI) a preliminary =~ decay- scheme has been
construéted (fig.41).
| - }The1429'and-189kev gamma lines do not show up in
the total.gamma spectrum of beta-gamma experiments. The
7£#n . 618kevfi;‘unresolved from the intense 617keV gamma line
~of the dégay of 36m vy, :vThe only measured end-point
energy ié tée-gné aséociated with the beta spectrum 1in
' coindidéhce 'wigh the 53.9keV gamma—line.‘ Thé delayed
be%a:gqﬁmé coicidence daté'provides‘a measurement of thé
(Kﬁ\f\ﬁ o half-life'pf‘the deiayed state . popuiated by the beta
trahéitioa having/an end~-point enekgy‘of 3.12MeV. It is
‘more .1ikeély that this half-life (6+1ns) corresponds to
tke SU4keV level than thé 672keV state which is deexcited
‘\gy)twé gammaftransitiéns.‘,FurthermAre, the peak in the
Eime speetrum.a;seé%?ted%with the 617-618keV gamma line
in beta—gamma.coinc}éence e?périmeﬁts does not show any
tailiﬁg.< From phgse arguments tﬁe 54kev level has been
placed -at thé‘boitém,in tpé scheme of 106 Tc, | .

This Vinﬁerprefation leads to a Qg-value of

3.18%.16MeV for the decay of 106Mo (table-V).
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A=107

From ref.(Kaf-76a,TI-78) and from’fthe measured
half-lives' (table-VI) the 102.7, 106.3 and 145.5keV
gamma-liﬂes "have been assigned to the decay of 107Tc,
No-decay scheme was available in the literature and from
.the coincidence data (table-VI) a preliminary scheme has
been const;uctéd;(fig.u?). |

The end-point energy of the 'béta spectrum in
coincidence with the 145.5keV gamma-line was measured to
be 3.38 f.06MeV. This 1line &s in qoiﬁcidence with a
916keV gamma-line and this leads to a possible total
beta  energy of 4.44MeV (3.38+.92+.14). A similar value
(4,49MeV) is obtained by summing (table-V) the end-point
energy of the low energy branch of thé%beta radiatibn in
‘coincidence with the ‘102.7keV gamma-line (fig.35)‘and‘
the highest energy of the gamma-lines in coincidence
with this 102.7keV line (2.89+.103+1.50). From . the
preliminary decay scheme (fig.M?) a 4.u46+,07MeV Qg-value

can be tentatively associated with the decay of»lO7Tc.
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'A=108 ¢
In the present study,-the strong 242keV gammé

line with a measured ,half-life of 5.1%.2s has been
108

assigned to the decay of Te. This assignment was
based on the study of ref.(Kaf-T6a). In the same
reference.a preliminary decay scheme 1is proposed. In

the coincidence data of the present Qork' only twoe
gamma-lines at 733keV and 1584keV were found’ to be in
coincidence with the 242keV gamma—lihe. The T733keV line
is included 1in the- décay' scheme of the previous
reference whereas the 1584keV 1line .has not been yet
reported. It should be pointed out thét the gamma
spectrum presented in Kaf-T6a Héd an energy ‘limit of
about 1MeV.

The beta spectrum in coinéidende with: the 242keV
gamma-line exhibits two main components (table-VI). It
is assumed that the high energy -branch populates
directly the level at 1826keV (1584+242) in 10%u. Such
an interpretation fleads to a tentative Qgvalue of
7.51%.08MeV (table-V). In fig.25 the speetrum "b"
exhibits a peak at 242keV. This implies that there must

be a higher energy (>6.5MeV) beta branch in coincidence
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with the\QHleV gamma line which has been missed - by
KURIE. It is *then assumed that this beta transition
populates another excited state in 108

candidate wou¥d be the 975keV level which is deexcited

by the 733keV gamma line.

4

A4=109

109Rh were

1083

Recently, detailed decay schemes for

reported (Kan-78, Fra-78b). The beta décay of Rh

109 by which is

mainly populates the 326.7keV level.in
Athen deexcited almost exclusively by a gamma transition
to the ground-state. In the present study a 326.7keV
gamma-line was observed and assigned to the decay 6f
1093ﬁ3\\Q;e to poor statistiecs its half-life could not
be rigorously determined. However a half-life greater
than 60s is indicated. The accepted value is 79.8 £1.7%
(Fra-78a). /

The beta spectrum 1in coincidence with the
326.7keV gamma-line exﬁibits an end-point energy of
1.98+0.06MeV (table-V). This leads to a Qg-value of
2.31t.06MqV which is in agreement with the 2.5+.5MeV

k3

value in ref.(Kan-78).

Ru. A possible

//’
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A=110

A detailed decay scheme is available fof the
decay of 110Rh (N110-77). Thé relative position of the
two 1isomers 1s, however, unknown.‘. It is‘ believed
(N110-77) that the 3.3s isomer is a low\spin (1+) stét;l
The population of such a state is most likely to occur
through the decay of 110Ry which has aﬁpalf—life‘of 13s
(N110-77)f The 28s 1isomer is assumed, in the same
reference,” to be a high spin state ‘(5+,4+) mainly

populated directly by fission. The 3.3s 1isomer decays

mainly to the'grOUnd-state and the first excitedrstate

of the 110pg daughter nuclide while the ©28s 1isomer
decays 'mainly (57%) to the 2805keV and 2790kev (28%)

excited states of ~the “"same nuclide (N110-77). Two

end-point energies have been obtained for the beta -

spectrum in  cointidence with the 373keV gamma line

)

,(fig.43).-:{édt5 jogf£-yélyes are 4.7 and therefore the
“associétedﬂbeta-transitions;are allowed.

‘ | The high'energy‘branch of tﬁe bepa' spectrum " in
coincidehée Qith the 37ékeV gammé line leads. to a
Og-value of 4,90+.37=5.27Mév_for the 3.3s isomer. Since
' 86% of tﬁe deécay of the 28s isomér “ébpulates the two

110

neighbouring levels near 2800kév in Pd it is assumed

“r

vl 5t At

b s e Bt it 2
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that the low energy end-point of the beta spectrum. in
coincidence with the 373keV gamma line corresponds to an
average between the end-points of the two beta
transitions. Then, a Og-value of 5.69+.09MeV can be
derived for the 28s isomer. From both Qg-values it can
be deduced that the high spin state 1lies 400+170keV

above the ground-state in llORh.

A=114

The . decay of 114 Ag has Dbeen well studied
(Bru-75). The beta spectra 1in -coincidence, in the
present étudy, with the 558keV' gamma-line leads to a
Qg-value of 4.82: .1UMeV (table-V). Tkis value is in
good agreement with that of ref.(Wap-77). The end-point
energy of the beta spectrum in coincidence With the
57€keV- gamma line, initially assigned to the sameldecay,
is 1inconsistent with such a result,. Owing to poor
statistics the half-life of ~this 1line could not Eé_ﬂ
extracted and, therefore, the qorresponding end-point J
energy measurement was not included- in the QB \

determination.
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A=115

-
¥
:

A low energy gamma-line of U48.5keV ene?g@,

h

observed in the present work to decay with a half-life

of 31*2s, has been assigned to the decay of Llsﬁg

(N115-75). Although the accepted wvalue 1is 37.4z.4s,

several measurements"mbf this half-life have been
reported with values widely spread between 455 and 365.
The 'most recenf measurement gives 302s (N115-75). §6
decay scheme has been reported'for this nuclide. In the

present work it is assumed that the beta decay of 115Pd

populates directly the 1level at U48.5keV in llsAg
(fig.u4l4). THis is supported by the facts that no
gamma-line was detected in coincidence with this low
energy line’and no that other gamma-line has ever been

reported for this decay. The deduced associated

QB-va%pe is then 4,63+,15MeV (table-V).

Gamma lines at energies of 229, 131, 113 and
388keV have been assigned to the decay of 115Ag‘based on
their associated - hélf-lives and coincidence data
(table-VI)(N115-75).

The beta decay is assumed to populate mainly the

115¢4- (fig.44). Such  an

361ke{ excited 'state of
)
interpretation is supported by the spin assignment (and

published data) given in a recent study of the decay of
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llSAg (Mat-78). This transition is allowed with a

20min
logft-value of 4.3. The end—poin&renergies measured.for
the beta spectra 1in <coincidence with the 229, 131keV
gamma-lines lead to an' average -valﬁe of é.O8;£.O9MeV

(table~V). This result is in good agreement with the

feported value of ref.(Wap-77).
A=116

From the preliminéry decay scheme reported in
ref.(Bru-75) a 114,T7keV gammé—iine has been assignéd to
the decay of 116 pq, The coincidehce data supports
strongly this assignment. The 114.7keV 1line was
measured to be in coincidence with silver X-rays and
three gamma .transitions assigned to this decay. The
decay curve of the 114:7keV gamma line 1is “5h0wn in
fig.34. The observed growth allowed the determinatién
of the gfeviously unmeasured half-life of the 116Rg\
parent (T=1.6 #3s). The coincidence data of the present
work confirm the results réportgg,earlier (Bru-75). The
measured end-point energy ofh the beta spectrum in
coincidence with the 114ﬂ7kev gamma-line leads to a

@ -value of 2.59 % 13MeV.
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The energy levels in ll%d are known up to an
excitation energy of about 3MeV, but the beta branching
ratio;rfrom the high-spin isomer of 116 Ag are still
unknown. A cbmparison between the relative intensities
from ref.(N116-75) and those obtained in the present
work for the main gamma transitions in the decay of

lla%g is displayed below:

Gamma i % N116-75 | % present
energies | ) work .
51lkeV 100 | 100 6
706 " 64 €3 +3
1029 " 34 30w

The gamma-gamma coincidence data suggest that
these 3 1lines form a direct cascade. The beta .spectra
in coincidence with the 514, 706 and 1029keV gamma—iines
exhiﬁit similar end-point energies (table-VI). These
results imply that a strong beta’transiﬁion populates
the 2250keV (514+4706+41029) excited level in 118cd.. = The

difference 1in relative intensity can be explained by a

o
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beta. transition populating the higher energy states in
116¢q whosge deexcitation would take place through other

gamma cascades. As the isomer lleAg is known - to lie

81keV a®ove the ground-state (N116-75), an aveFage
Qg-value has been derived for 1168ag.  This latter,
5.36+.05MeV value 1is in agreement with that in

L4

ref.(Ale-T77). Tt should be pointed out that the
half-lives measured in beté— a  experiments of thé
present .study are somewha{/ijjflg:_:table-VI) than the
accepted value (10.4s) for 116mAg (N116-75).)

cA=117

As for many silver isotopes two isomers fre
known in 117Ag. The high-spin one (7/24) is known
(N117-78) to populate mainly the 820keV and the 522keV

excited states in 117¢d (fig.45). The coincidence data

K

(table-VI) associated with the 135.4keV gamma-line and

the measured half-life (T=5.4+.2s) of the present work

a
are in good agreement with the 'reported decay scheme- of

£

ref.(N117-78).
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- The beta spectrum in coincidence with the 135keV

gamma line should represent the sum-spectrum of the two

beta transitions populating the 522 and 820keV levels.ih

117¢4 (Fog-76b). The analysis of this spectrum by KURIE

provided ohly one .end-point energy. This energy should -

correspond to the transition of higher energy as both
transitions are about the same strength (Fog-T6b). One

can then derived a QBR-value of 4.04+.07MeV.- which 1is 1in

agreement with that in ref.(Ale-77).
A=118

The decay of}llBAg has been studied previously

"(N118-76). In the present study only the gamma-line€s of

the deéay of the two first excited states of 118Cd have

been observed (fig.46). The half-life for the 488keV

gamma-line has been measured to be 3.9 +.5s which

suggests that the observed decay is primarily that of

118

the ground-state of Ag.

According to the reported decay scheme -

(N118-76), the decay of the 3.7s 1isomer should mainly

populate the two first excited states in llng. A

’ .
677keV gamma line was observed 1in the total gamma

spectrum of beta-gamma experiments of the present study.

«
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waeyer, tpefev, are "néither‘ coincidenée Vdata nor
hglf-life'informafiénﬁto support an. assiénmenﬁ to the
dg;ay of'118Ag7 Moreover, the énd;péint‘energies of the:
beta spectra in coinciderice with the 488 and 677keV
- gamma lines aré not consisféné &ith %ueh a populat{on.
Elucidation of this &pfoblém :WOUid require further

investigations. No QB-value could be derived.

A§12d
"Thé .deéay ofd 1204, has been,,wellfl studied
(N120-76),and récently two intensiye inveitigations have
been réported‘(Cﬁe-78b,Fog-79). |
Fig}u7 reproduces fhe ﬁain features of the decay
- scheme of fef.(Ale-??). The decay curves for the 90keV
and ﬁ97kev gamma-liﬁes, 'obtafned from the "singles"
experiments ekhibit ‘the same ’pattern,i.e., a main
compbnént with a haif-1ife of -44+2s and a growth with a
half-life 9}”3.Ui.25 (fig.éﬂ). 7This suggests that the
low-spin isomer (J=1+) decays by an isomeric transition

to the J:(U+,5+)~i§omer which then decays and, populates
120 ‘

high excited states in the Sn daughter nuclide.
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Decay of 120]n

(8)
" ' ?gzzhxos
(4% : t 35+3S\
1201, N\ t=4522s
_ (73 3447
E...=2240%200 42
965 - 965 {697
2750
. 7 2482 (10uS)
465 197
5- 4 ! 2284
(899 2194
1022
E,1=4300%200 2t n7e
o+ !
log ft : 1205

#high energy branch

Figure 47.

SRR i e v T T



156

The observation of the 3.4s activity implies the
direct population via fission of the (1+) isomer (no
isomer 'is expected to be found in the even-even parent
isotope 120Cd which decays>with a 51s half—life). Such
a population 1is enhanced in the present study with
respect to the population of the othér long-lived

isomers by the short collection time.

s The decay schemes for the decay of the high spin
(8~) isomer reportéd in ref.(Che-78b, Fog-79) are in
reasonable agreement. The decay populates almost
exclusively the 3447keV level in 120gy,, The gamma
deexcitation of this level populates mostly the 2482keV
delayed state (11.8ﬁs). A small fraction (6%) by=-pass
this level and populates the 2284keV state (Fog-79). To
be cbnsistent with the observed decay curves for the 90
and 197keV gamma lines some of the decay of the (4+,5+)
isomer has to lead to the population of the 2482keV
delayed state which is deexcited by the 197-90keV gamma

cascade. Such an interpretation is consistent with .the

non-observation of the 197keV 1line in beta-gamma

experiments of the present study. However, in the decay

scheme of the (4+,5+) isomer reported in ref.(Che-78b)

the 2482keV state is not populated.

—
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The beta spectra in coincidence with- 96571and
1%Z1keV‘cgamma transitions lead to the Qg-values of
5.68%.20MeV and 5.47+.25MeV, respectively. Although
thes; ;alues are high compared with the  value reported
in Ale-78 theyorémain within the errors quoted tn%rein
(tablé;vs. Due to poor statistics, the half-lives of
these 'gamma liﬁes were ﬁot determined in bepa-gamma
experiments and, therfore, the derived R -values were
notr”included‘ in  the comparisoﬁ in table-1V. The
half-life of the 2284keV delayed state wa§%>measured ‘to
be 22%2ns which is in contradiction with the value of
5.53+.06ns in‘ref.(N120-76). The lack of information
and, in particular,.half—life' determinations precludé

fhrthef statements.
A=121

The decay of the ground-state of lzﬁn populates
the first 7/ 2+ excited level in 1213y almost exclusively h
(Fog-76b). The half-life’of the 926keV gamma transition
ﬁeasured in the present study is in agreement with that
of Gra-T4. This latter value is thé value accepted in
Ale-78 and Fog-76b. However, it is in contradiction
with that reported in TI-78. The measured end-point
energy of the beta spectrum in coincidence with the

926keV gamma-line 1leads to a Qpg-value of 3.34z% 08MeV

&
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(table-V) which is in very good agreement  with &he‘

reported value in ref.(Ale-78).

A=122

L . 120 :
The same.isomerism pattern cccurs in In as in

12210 (Ale-78, Fog=79). The 103.6keV and 163.3keV
gamma-~lines whidh depopulate .the level at 2409keV
(fig;HB) both exhibit, in single detector experiments, a
2-component decay curve:‘ a main decay with 11.1 i.3s
half-1ife and a growth with a half-life of 1.9%.2s
(fig.34). This suggests, as in 120In, that the low—spih
isémer (J=1+) decays by an isteric gamma transition to .
‘the J=(4+,5+) isomer asjweli aé bynvbeta’ éecay. - This
implies bhaf‘ the decayrof the (4+,5+) isomer populates

1228n and such a population

the 2409keV delayed state in
is in contradiction with the results of Fog-79 where
this level 1is only populated via the decay of the (8-)

isomer. No explanation is presently available for such

a discrepancy.

The hal};life of the beta-rays of energies
gfe@ter than 2.5MeV and in coincidfnge with the 1141keV
gamma line was measured in-the preseht study to be 3 #s.
This 1is consisteﬁt with a direct beta population of the

1141keV level from the decay of the (1+) isomer. The
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total beta specﬁrum in coincidence with the same?ﬁine
e*hibits a 2 component half-life: 2.5+1.0s and 13:2s.
The end-point . energies _ of‘ the beta spectra in
coincidence with the. 1141 and 1121keV gamma 1lines iead
to  the oe-vélues of 6.20+.25MeV and 6.16+.12MeV,
respectively. These'values are somewhat lower that the
&.35+.05MeV QB—vélue obtained from 122Sn(t,3He) nuclear
reaction (Aji-78) and much 1lower than the values ‘in

Ale-T78.

The half-life of the 2246keV state was measured
from the time spectrum "associated with Qhe 103.7keV
gamma line in the beta-ga@ﬁé;ﬁiperiments to ;e 8.9+.7ns
which is consistent with the value reported in Fog-79

(table-III). | .

A=123

The decay of 123

In has been studied and a
preliminary decay scheme has.been published (Fog-76Db).
The decay mainly populates the 1155keV and the 1044keV
e%cited levels of 123Sni. The end-point energy  measured
‘in this study for the beta spectrum in coincidence with
ég; 1131keV gamma-line léadsv 7to a- Qg-value 7 of
4.50+.11MeV (table-V) and it is in good agréement with

that in ref.(Ale-78).
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VII-BrGeneral DPiscussion
VII-3-1 Qg-values

In deterﬁinations of logft-values, beta-strength
functions, r-process parameters and theoretical
representations of delayed particle emission, the value
of the total beta decay energy is of great importance.
In many cases it _is necessary to rely on predictions
based on mass formules,

l B compafison of the QB—values derived in the
present work with the predictions of the various mass
formulas is display®d in Table-IV, : \

The rcot-mean-square (r.m.s.) deviations shown
therein were calculated- without regard to uncertaihties
in either the experimental qg-values or the atomic mass
predictions.

Figs.49 a,b,c displayed qg-Jalues as a function
of neutron number for Rb,’sr, Y, Nb, Zr and Mo isotopes.
The experimental date ére ;ndicated as circles while the
lines represent the predicted values of current mass

" fermulas. This is another representation of table-IV
for the region around A=100. o

%.ns

5
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In general, best predﬁctions of Qgr-values are
obtained from the mass formula of Liran andVZeldes
(Lir-76). The r.m.s. ‘is about 220keV. The r.m.s.
ass’oci\a\te'd with the formula of ref.(Mye-76) was 500keV
with pr;dictions generally teo 1low whereas that Qf
ref.(Com-76) was about the same  (480keV) rwith
predictions generally too high. The mass formula of
ref.(Jan-76a) also gives predictions which are generally
’too high but with =& smaller r.m.s. of about 390keV,
The r.m.s. associated with tge predictions of the mass
relation of ref.(See-75) is about 3§OkeV.

For J%_%gp isotopes (Z=38) &« fig.49b), the
results obtained 1in the present work are in general
consistent with earlier experimental results (Wap-77,
3ti-78). When compared with these experimental data,
mass relation predicticns are generally too low (about
1MeV for the calculations in Lir-76, Jan-762 and Com-76
and over 1.8MeV feor those in See-75 ané Mye-76).
Although one needs more experimental data, é similar
discrepancy seems to take pléce in the -even-even
isotcpes at Z=40 (table-V). It is known that this region
(Z=39¥Z=U1) exhibits local submagic-number effects which
can not be completly accounted for in most mass formulas
(Lir=78). The obtserved discrepancy could thus be the

results of these lcczl effects.
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~

For Ag isotopes (Z=47) near the closure. of the
main shelll at 7=50 the mass formula of ref.(See-75)
fails completely for the odd-masges. The mean deviation
attains ‘700keV for the odd-mass isotopes ’with BL<NCTO.
‘The agfeeﬁent is aISO'poof for.odd-odd isétopes. In the
case of odd-even isotopes the best predictions are given
by the formulas of.ref.(Com—76) and ref.(Mye-76). For

odd-odd masses, calculations from ref.(Com-76) give

"§¢fﬁ\\EF33ictions too high at high neutron-to-proton ratios

while those from ref.(Mye-T76) are too low for nuclides
close to tﬁe stability line.

The reméining mass relations_aonsidefed in the
present study give O0QB-value predictions for‘which the
deviations from the experimental measurements are within
250keV and thus relatively wuseful’for mass predictions
of neutron-rich silver isotopes.

The mass formula of ref.(See-75) also fails
badly to predict Qg-values of In isotopés (Z=49). The
deviation from experimentadl measurements aétainsy 700keV

lZOIn and 121

and 600keV for In, respectively. The
predictions from ref.(Mye-?é) are still low in this

region, especially for the even masses (table-IV).
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In conclusion, the best predictionsrére abtained
by mass formulae which bogtain manylA coefficients
(Lir-76, Com-76) but extrapolations from th;se
semi-empirical relations must be perf&rmed with care.
Rather than performing calculations from a single-
formula for a whole mass»regigh it is better to choose

an appropriate mass formula for either the odd or the

even isotopes of a single element.
VII-3-2 Nuclear Spectrostcopy

A large bulk of information about properties of

neutron rich nuclei in the A=100 mass region. has been

gathered. 5
' v 116
The first half-1ife measurements of Rh
05 R 106
(1.6 £ 3s), ! Nb (1.4%2s) and =~ Nb (1.4%3s) have been

made via the analysis of fhe decay curve of their
'daughter nuclide. These half-lives have to be.- regarded
aé preliminarx ‘.xalues. Diife?ent tame-sequence
experiments should be performed to enhance these very

short active species in order to obtain more precise

values.
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Several hglf-lives of lbng-lived nuclear states
ha‘e been measured th ‘since these measurementé were
performéd from beta-gamma coincidence expe;iments the
delayed state 1is usually not defined uniquely. For
110 100 102 . o

Rh, Nb and Nb the relative positions of the two
isomers have been determined through the measurements of
the associated total beta decay energies.

1056 has been foénd to exhibit two isomers.
Their half-lives  and relative positions have been
determined.

The decay curves of gamma lines associated with
the even-mass 1In isétopes raise some evidence for the
low spin isomer J=1+ decaying both via 'gamma and Dbeta
transiéions. \ Such a competition would suggest a M3
isomeric transition with an energy ’lessf than 250keV
(Ajz-T78). This interpretation is in favour of a 4+

ground-state for these :isotopes as postulated in

ref.(Ale-75).

New preliminary &ecay schemes have been

constructed for lQ”Mo, 108 Mo ana 1077c,
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One of the advaﬁtages of the gas jet method ‘is
that the eff;ciency of transport of radiocactive species
are, to a large extenﬁ, independent of Z. Nevertheless;l
this lack of selectivity has drawbacks. Due to @he
very high activity of the <collected spot, detailed
spectroscopic studiés are not feasible directly at the
end of the gas jet recoil system. Thus, relative
intensities - measured in' the present work can only be

4

regarded as estimates.

Howevef,the two-neuéron separation energies,32n,
were plotted, versus N for Rb, Sr, .Y, <Zr, Nb and Mo
isotopes in the mass région near A=100 (fig.SO).

This two-neutron separation energy for a nucleus
(Z,A) is calculated from th; mass excesses of the nucleil

(z,A) and (Z,A-2) according to

Sen(Z,A) = -Me(Z,A)+Me(Z,A-2)+2Me(n)
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However, this can be rewritten as
Son(Z,A) = -{Me(Z+1,8) + Q(Z,8)} +M‘e(Z,'A—2) +2Me(n)

where Q(Z,A) is the total beta decay energy
"associated with the nuclide (Z,A). ® In all calculations
the mass éxcesses from Wap-77 were wutilized with, in
general, one experimental QB-value. The summat;on of
twO’OB-valueé was required only for the cafﬁulation of

son( *%%o0) in the A=10lchain:
A ' 2
SCL10%0)=—tMe( 10%uy+0( 0% cyr0c T%%0) 1aMe T0%0) +oMe(m)

where Q( lOLﬁ"c) waé taken from ref.(Sum-78).

S2n plots ére thus representations of the
binding energy of a neutron pair as successive neutrons
are added to a'giyen nucleus.

Klapisch (Thi-75) and others (Duc-69) have shown
that the dependency of the two-neutron separation
energies with neutron number may indicate abrupt nuclear

shape changes.
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After the well known discontinuitykborrespbnding
tb the N=50 <closed shell, a slight break of slope
appears between N=56-and N;57. This can be correlated
to the closure of the neutron subshell dg/p and,

therfore, to the peak occuring-at N=56 in fig.3.

Of particular interest to%/ihis study 1is the
occurence of a hdmp at‘N=6O for the Rb isotopes whose
masses were very recently re-measured at AISOLPE by the
'Klépisch' group (Eph-79). Such a hump seems to be also
present for Zr, Nb and Mo 1isotopes. However the
_ transition 1is somewhat smoother for isotopes of Z
greater than 40,

. In the fare earth region where the nuclear:
deformation has been well studied (N:288 to 92), the plct
of the double-neutron separation enefgies as a function
of N flattens out or rises somewhat (Duc-69). Thus, in
the present Fegion of interest the same curves exhibit a
similar behavior.

On the same plots (fig.50) the dotted 1lines
connect pair separation energies for nuclei differing by
two neutrons and c¢ne proton. Plots of this type have

been observed to be zlmost constant in the absence of



173
shell structuring, running somewhat parallel to the
:bottom of the stability valley (Duc-69, Ale-77). Breaks
of slbpe in these lines which correspond to a path  of

2Z-N=constant appeaf in  the .region of interest fof

N=56-60.

The equality of the neutron pair separation

energies for nuclides (Z,N) and (Z+1,N+2) <can be

&

writ?en:
S(Z,N) - S(Z+1,N+2) =0
This implies in terms of mass-excess
M(Z,N) -M(Z,N-2) =M(Z+1,N+2) +M(Z+1,N) =0

or in Z,N diagram

Z

+
l

14

O

T T P W SR
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I

Using the formalfsh'déveloped in Jan-76b - the

above mass equation can be represented for neutron-rich

(Z<N) nuclides as follows:

N=even ’
— = , . e

—+ - , NP + 5 oo
—-S0—0-9- Cacan & S0—0e SoO0—0e

N=odd

—ret /) — _lee g
¥ [ - [’ . - N O
o e~ o ee ~ coee * oo ee
-5-0—00- -5o—8e- -50—e0- 0608 '
Z,N Z,N~2 Z+1,N+2 L Z+1,N
These equationsrhold ohly ,wben single-particle-
and residual interaction energies cancel out. The
cancellation occurs if the above energies are assumed to
vary siowly with the nucleon number A=Z+N. 1In regions
e )

of smooth behayior of the nuclear structure, i.e, ‘in the

same shell, the assumption is expected to He valid.

For neutron-rich nucldides, the Anbn;céncellation‘
of. these energies Qould result in breaks of slope in the
lines cénnecting neutron pair separation eneréies énd
would be a ’sign of local change in the nuclear

structure.



Thgge results support the  hypothesis ~that an
onset of defofmation is occuring in the neutron-rich
rggion near A=100 and the transitionﬁ occurs .rather
sharplé at neutron numbervN=60,*especia11y for nuclei
withmZ<L1 (W01-77j.‘ For the even-eQen isotopes Qf this

region the present Nz60 transition is a confirmation of

the results obtained from the plots in fig.3 (see
section III). Moreéver, the present study extends the’

change in nuciearl shape to the other neutron-rich

~nuclides of the A=100 region. The transition at N=60

- J/‘v

towards ‘deformation 1is now a feature of the complete

<

[

to Mo.

region from Rb
’ 7

Fod
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VIII- POSSIBLE EXTENSIONS OF THE PRESENT WORK

The resulté of the present work afé expected to
form a_valuable and fertile data sourée,for the -planning
of future experiments. A trivial extension would be the
selection of differént time sequences fdr collection and
counting periods in order to enhance the observation of
the nuclide of interest. For example, suéh a procédure
should help to solvé the problems of the decays ofglxRb;

94%b, 120In and 122 In.

To g§ furfherji.e, to study 'nuclidés farther
away from stability or to extend soﬁe investigations of
the present study in order to get valuggﬂz spectroscopic
informétion, new developments are reguired.

}

counter 1is a smaller disc l1cm diameter and of the same

A new beta telescope has been built. The DE

thickness as the present one (1mm). This will define a
sharper angie of electron penetration in the telescope.
The E counter. is a cylinder, 10ém deep and 6.35cm in
diameter. Moreover, this new telescope will operate
inside a light-tight chamber under vacuum, juxtaposed to
the collection chamber of the -:gas-jet system. Thus,
electrons penetrating this new detector will be better
collimated and will not lésé energy 1in any material

except the plastic scintillatorssof the telescope and
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thefr,surrouhding very thin light reflectors. .
An associated neccessary development -should be
_the experimental determination of the response function
of this new telescope. | \ |

Studyiné nuclides with nucléar\' composition -
farther away from the valley of stability'impliés béing
able to measuré beta end-point ehergies‘arOUnd:1OMeV and

higher. It will then be necessary .to- -achieve

calibration: in the same beta energy range, llBe hévihg~

»

3 . . - . » N ) .
. a beta transition with a 9.32MeV end-pcoint energy

(TI-78) has been shown suitable.for this purpose. This-
. B l -
isotope has been produced by the luC(p,3pn) 1Be

reaction.

Furthermore, future work could develop a methodw.

to improve the specifigity of the present identificatiop
system.  For this, a timgéofsflight mass identificatidn»

system has been built by ﬁhe SFU group (Bis¥76). Such a

.

system would allow mass selection, i.e, the

investigétion could be concentrated on kong or two
isotopes at \a time. One of 'the most. interesting
applications of such a system Qill be the study of lﬁEZr\
for which the deformation is predicted to be at its

strongest.
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IX- CONCLUSION

About 75% of all the gémma lines obsefved in-‘the "
presenﬁ study have been assigned. A total of U0 nﬁclear
decays have been investigated (fig.19). The half-lives
of 3 new 1isotopes have been.tentatively determined
(llSRh, lOSNb, 106Nb). The relative position of the
isomers have been determihed for 3 other nuclides
( 10, 100Np, 102Nb). A total of 12 new Qg -values have
been derived. A few of the other tétal beta decéy
energies dete}mined in fﬁe present work have Dbeen
obtained with, a better precision than the earlier
published values. A new lower limit for 2 Qg -values

have been measured and 3 new tentative decay schemes

have been put together.
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