
"BO1

DECAY PROPERTIES OF SHORTLIVED MASS-

SEPARATED FISSION PRODUCTS

Determinations of Qg values and studies of delayed neutron

emission in the mass regions A=79-98 and 120-146

by

Eva Lund

DEPARTMENT OF PHYSICS

1977



ERRATA

Paper
Sum

i:

II

il

29 Table 3 ?9Ga
79,

Page Line Stands

12 15 y-detection

24 1 since the ...

6.771 °«08

'Ge -69.63+ jĴ J9,
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PREFACE

The present work describes determinations of total ß-decav
energies and studies of delayed neutron emission including the
identification and half-life determinations of delayed neutron pre-
cursors and the measurement of neutron spectra. These studies
form part of a systematic investigation of neutron-rich fission pro-
ducts in progress at the on-line isotope separator facility OSIRIS
at Studsvik.

The thesis comprises the following papers:

I. E Lund and G Rudstatn. Spectrometer for measuring total beta
decay energi est Nucl Instr Meth 134 (1976) 173.

II. E Lundt K Aleklett, and G Rudstami Total ß-decay energies and
masses of tint antimony and tellurium isotopes in the vicinity
of 5o S na2' T^e Swedish Research Councils' Laboratory Report
LF-75 (1977).

III. K Aleklettt E Lund«and G Rudstam. Q.-values and deduced mass
p

excesses of strongly neutron-rich indium isotopes ranging from
A = 120 to 129i The Swedish Research Councils' Laboratory
Report LF-76 (1977).

IV. G Rudstam and E Lund» Delayed-neutron activities produced in

fission: Mass range 79 - 98. Phys Rev C 13.1(1976) 321.

V. E Lund and G Rudstam. Delayed-neutron activities produced in
fission: Mass range 122 - 146. Phys Rev C 13,4(1976) 1544.

VI. G Rudstam and E Lund. Energy spectra of delayed neutrons from
přec
130,

the precursors 7 9(Zn.Ga). 8 0Ga. 8 1Ga. 9 4Rb. 9 5Rb. 1 2 9In.

and '"" In. The Swedish Research Councils' Laboratory Report
LF-77 (1976).

In the following account these papers will be referred to
by the Roman numerals used above.
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i. INTRODUCTION

Simply described the nuclei are composed of neutrons and

protons. A nucleus is expected to exhibit the most stable confi-

guration when the number of neutrons is equal to that of the pro-

tons. For heavier nuclei# howeveri the magnitude of the Coulomb

repulsion between protons is such that greater stability is obtained

when there is an excess of neutrons. Figure 1 shows a nuclidic chart

in which all identified stable and radioactive nuclides have been in

eluded. At the time of writing some 1600 nuclei in the region of

the stability line have been examined,but it is estimated from mass

formula predictions that the total number of nuclei lying inside

the limits made up by the zero binding energies for protons and

neutrons is of the order of 7000.

The nuclei far from the limit of ß-stability differ essen-

tially from the nuclides in the neighbourhood of the stability line

as regards the proton-to-neutron rati o i the relation between the

Coulomb and nuclear forces> the difference between the binding

energy of nucLeons of the two types t and the ß-decay energy« which

may be more than 10 MeV. The nuclear properties of highly unstable

nuclei assume major significance for nuclear reaction theories»

the probability of spontaneous fission, for predictions about super-

heavy nuclides ' ' t and for the theories about nucleosynthesis ' .

The nuclear reactions of interest for such calculations lie twenty

to thirty mass units away from the line of stability for a given

value of Z. Although this region is at present out of experimental

reach, ISOL <Isotope-Separator-On-Line) techniques n&w make it

possible to obtain data for nuclides that are at least.ten to

fifteen units away from the stability line. The knowledge gained

in this nuclidic region concerning nuclear masses, half-lives, ß-

strength functions, delayed neutron emission etc is basic to our

understanding of fundamental nuclear processes.

High energy spaIlation reactions produce neutron-deficient

nuclei far from the stability line while neutron-rich nuclides are

easily produced in fission processes. Taken together these types of

reaction afford a broad range of ß-unstable nuclei, and individual

products can only be studied after special arrangements as,for in-

stance, chemical separation or,for the most short-lived nuclides,on-

line isotope separation. The introduction of ISOL-technique in many

laboratories has facilitated the study of individual unstable



N
Fig. 1 The chart of nucLides showing the stable isotopes (black squares) and the domain of ob-

served nuclides (broken contour). The limits made up by the zero binding energies for

protons and neutrons is indicated with heavy smooth lines (B = 0:Lower line» B = 0:

upper line). The hatched area outside the B = 0 line indicates that an unbound proton

may be kept inside the Coulomb barrier for times that are long on the nuclear time scale.
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.6)nuclides on both sides of stability0^ and systematic measurements

have been initiated in order to map the different properties of those

nuclei that lie far from stability. The field of research is covered

in proceedings from three international conferences on this subject

held since 1966 at Lysekil . Leysin » and Cargése .

The investigations described in this work form part of the

extensive systematic study of neutron-rich fission products which

is in progress at the OSIRIS faciLity at Studsvik. The research

program involves determination of the total ß--decay energy i measure-

ment of ß-strength functions* nucLear spectroscopy» identification

of short-lived fission products and deLayed neutron studies.

The delayed neutron studies have so far been concentrated to

half-life determinations and neutron spectroscopy. The com-

petition between y-and neutron emission in the emitter nucleus is

studied in experiments based on high-energy y-spectroscopy. In the

near future a start will be made on the determination of delayed

neutron branching ratios.

The aim of these systematic studies is to provide an over-

all picture of the special properties of nuclei far from stability.

Accordingly* it is sometimes preferable to use equipment with a high

measuring efficiency rather than the very best resolution since by

doing so it becomes possible to include the weakest and most short-

lived activities in the systematic study.

An important task is the study of the mass surface far from

stabi Lity. The mass surface is the picture which emerges when the

nuclides are arranged in a three-dimensional coordinate system whose

axes are the neutron number N, the proton number Z and the nuclear

mass M. The mass-surface has the shape of a valley with the stable

isotopes occupying the bottom and the radioactive nuclei the hill-

sides. It is well established at the bottomi but on moving up

the slopes of this valley, instability that leads to the ß-dacay in-

creases and the life-time of the nuclide decreases. The aim of the

present study has been to extend the knowledge about the neutron-rich

slope of the mass-surface by determinations of the total ß-decay

energy, ths nuclear QR-valueiOf fission products.



In addition to their fundamental role in nuclear physics

the systematic investigations of fission products are of considerable

significance in the field of reactor technology. Knowledge of the

properties of individual short-lived fission products is required in

calculations of the decay-heat and is thereby essential to the design

of safety-devices.

Isotope separation and the production of short-lived fission

products is discussed in Section II. In Section III the study of

nuclear masses is treated. The principles of delayed neutron emission

are given in Section IV together with an account of the identification

and half-life determinations of delayed neutron precursors and a

short description of the spectroscopic work.

II. OSIRIS

L

IIil_ 9.DZkin5 isotope separation

The on-line isotope separator OSIRIS is described in detail

in Ref . Since the time of this publication in 1971 some improve-

ments have been made and as the instrument has played a fundamen-

tal role in the work described here a short review will be given.

The ion-source is of a conventional plasma type with end
235extraction. The fissile materialf U» is included in the source

thereby avoiding the connecting line which would otherwise be needed

if a separate target and ion-source were used. The uranium is de-

posited as an oxide on graphite cloth which forms a cylinder to be
11)placed inside the discharge chamber . The principle of operation

is that the fission products# which recoil from the target material i

are caught in the graphitet diffuse to the surface» evaporate and

are then ionized. This approach replaces the method used in the

early experiments whereby the uranium oxide was first painted onto

the anode tube and then covered by graphite cloth. As a result

the limiting thickness of the target material was soon reached

since a layer of uranium oxide with a thickness corresponding to

more than the range of the fission fragments would only lead to

an increase in the amounts of the more long-lived products which

1
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could survive the period of slow diffusion through the uranium

oxide layer. The possibility to get higher activities from the

improved version of the ion source is# for instancet essential for

the delayed neutron experiments. The present investigations were

performed with an ion source containing a total of 2.6 g of ura-

nium. If necessaryi it is possible to increase the content of

fissile material still further.

As shown in Fig 2 activities are found at all mass numbers

from 74 to 98 and from 111 to 147. The elements contributing to

these activities range from zinc to barium with the exception

of selenium and the transition elements from yttrium to palladium.

At each mass number several radioactive isobars are expected

to be present owing to incomplete element separation in the system.

In some instances it is possible to separate the isobars by a pro-

per choice of collection and waiting periods, so that one member

of the isobaric chain is favoured. In other cases chemical sepa-

ration is necessaryi and a thermochromatographic separation method

has been devised for the purpose at this laboratory -

70 80 90 KH> 110 120 130
MASS NUMBER

140 ISO 160

Fig. 2 Activity of samples collected for 10 s at 200 kW reactor

power and then measured for 10 s using a 4uß-detector.

The broken curve in the figure is the mass yield curve of

thermal-neutron induced fission of 2 ^ U . The close-lying

peaks to the extreme left correspond to doubly-charged

ion beams.

r
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ION SOURCE WITH
BUILT-IN TARGET

ELECTRONICS RACKS

SCALE 1:50

L
Fig. 3 General view of the isotope separator and measuring

equipment.

í
I
I
I
I
I
1
I
I
I

I
I
I
I
I
I
I
I



- 7 -

The capability of the system was investigated in connection

with the improvements to the target system described above- A sur-

vey of the short-lived fission products obtained at OSIRIS and in-

volving half-life data determined by total ß-counting in the range
13)

1 s to 10 min is given in Ref , For this purpose samples were

collected on magnetic tape and transported to a 4irß-counter

with a transportation time of 1,5 s. The most short-lived activi-

ties had already decayed• however» on arrival at this relatively

remote measuring position. Very short-lived species, with half-lives

of less than 1 Si have been detected in trie direct beam by y-counting

and also by delayed neutron counting. This latter method was used
98

for the detection of the extremely short-lived nuclide Rb which

has a half-life of 0.14 s. Since the isobaric chains contain in

most instances only one or two neutron precursors it is much easier

to analyze the decay curves» obtained by neutron counting» than

those obtained by total ß-counting. The latter method accor-

dingly yields lass accurate results for the half-life of members of

complicated mass chains. Thus, when results from the two types of

measurement exhibit differences» those obtained by delayed neutron

counting are to be regarded as more reliable than those given by to-

tal ß-counting. In many respects» the two Papers IV) and V) in which

delayed neutron activities are described provide an important comple-
13)

ment to the survey of short-lived fission products

The ion-source is placed close to the core of the R2-0 reactor

at Studsvik where it experiences a maximum thermal neutron flux of
11 2

4-10 n/cm . s corresponding to a reactor effect of 1 MW.

The electromagnetic isotope separator is furnished with a

55° fringing-field focusing type magnet . It has an intermediate

resolution and low intensity and is usually run at 40 kV. The beam

is focussed to almost circular spots of about 3 mm diameter. The

dispersion is roughly 16 mm at A = 90 and 11 mm at A = 130. The contami-

nation from neighbouring masses is typically a few per mi lie.

A general view of the isotope separator and measuring equip-

ment is shown in Fig 3.
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in. DETERMINATION OF NUCLEAR MASSES

111:1 The nuclear_mass

One of the basic properties of a nucleus is its ground state

mass. During the course of half a century physicists have measured

nuclear masses with steadily increasing precision, the latest com-

pilation of nuclear massesimade by Mapstra and Bos , includes

around 1190 masses which have been determined with an accuracy of

better than 100 keV» while a further 200 masses are given with a
16}

somewhse larger error .

Close to stability experimental conditions are good for

accurate mass determinations but. as mentioned in Section Ir the

situation is much less favourable at a distance of only a few steps

from this line. Since it is impossible to perform experimental de-

terminations for all nuclidic masses at present some kind of extra-

polation becomes necessary for nuclei far from stability. Because

of the regularities shown by nuclear masses early attempts aimed

at expressing the binding energy of the nucleus in terms of the

number of neutrons and protons present (cf.Section 111:2). In

addition to mass equations based on different physical models use

has been made of mass relations and self-consistency calculations

as a basis for predictions of nuclear masses. While all these

considerations yield quite accurate predictions in the vi-

cinity of stability they tend to give a rather crude estimation

after only a fi_w extrapolation steps have been taken-.

The value of the nuclear mass is close to

where 2 and N are the numbers of protons and neutrons respectively

and M and Mn are the mass of the proton and neutron.

It is. however i the deviation from this value which constitutes the

quantity of interest. The binding energy of a nucleus is defined as

B(A.Z) = ZM + NMn - M(A.Z)

where N(A.Z) is the nuclear mass.

I
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It is often convenient to employ the concept of "mass

excess" rather than the mass itself,particularly in calculations

which use the indirect Qß-value. The mass excess is defined as:

F(A,Z) = M(A.Zi> - A

where M(AiZ) is given in mass units.

Nuclear mass excesses permit the Q-value of a reaction

to be computed directly since the total number of nucleons in

an ordinary reaction is conserved, and the total ß-decay energy for

a nuclide (A>Z> can be expressed by

QQ = F(A.Z) - F(A,Z+1)

There are many examples of applications of Q -values. Thus

they are important quantities for the determinations of Log(ft) values

and ß-strength functions. Another field of application is connected

to delayed-neutron emission where Q -values are needed both for pre-

dictions about the possibility of neutron emission and for evaluating

the shape of the neutron spectra. Examples of this kind are found

in Papers IV, V, and VI.

111:2 Mass_formulae

A most remarkable aspect of the masses of stable nuclei from

A = 12 upwards is that the binding energy per nucleon is approxi-

mately constant. The ratio of binding energy to nucleon number, B/A i's

never less than 7.4 and never greater than 8.8 MeV. This was one
17)of the results of the early mass measurements performed by Aston

18)which led Heisenberg to propose the occurrence of exchange forces

between nucleons. The degree to which the ratio is constant implies

that the nucleon-nucleon interaction is of a short-range character,

similar to the interaction of molecules in a liquid. The liquid drop

model of the nucleus proposed by Gamow, is a direct result of Aston's

work. The resulting picture gave rise to the first semi-empirical
19)mass equation by Bethe .

It is beyond the scope of this thesis to give a detailed

account of all the existing mass formulae. An overall review is gi-

ven by Comay et al and short descriptions of the formulae are gi-

ven by their proposers in the introduction to the 1975 Mass Predic-

tions21)
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The mass formulae can be classified into the following types:

1 . Liquid-drop mass equations

2. Shell-model mass equations

3. Mass relations

The early Bethe-Weisäcker equation ' provides the basis

of all versions that belong to the liquid drop class. In this in-

stance the ground-state energy is described as the sum of the volumei

surfacei symmetry.and Coulomb energies! a pairing term finally

being added. This early model gave rather crude approximations of

the nuclear mass with a mean deviation from experimental values of

2.5 MeV. Evidently! some correction of the original formula was

required. In the "droplet model" the corrections are divided into

two parts; the macroscopic part includes deformations- and

compressibility corrections! while the microscopic part comprises

quantaI shell corrections. The mass formulae by Myers «

Groote et al. and that proposed by Seeger and Howard all

belong to this droplet-model class.

The semi-empirical shell model formula suggested by Li ran

and Zeldes describes the total energy of a nucleus as the sum

of a strong pairing energy i an energy contribution made by confi-

guration interaction! and finally a part which takes into account

the Coulomb energy of the protons. This formula is a many-parameter

modeli and the coefficients are obtained from a least-squares fit

of the mass equations to the experimental data with each shell re-

gion treated separately. Although these two classes of mass formulae

are based upon physical models values for the parameters are derived

from known« experimental, mass values, hence their description is

semi-empirical.

Another semi-empirical approach to the prediction of un-

known masses is provided by the concept of mass relations. Thus,

attempts have been made to express the nuclear mass as a function

of Z and N without any underlying physical model. In this approach

the mass of a given nucleus can be expressed in terms of the masses

of six neighbouring nuclides. Accordingly, on progressing from

regions in which accurate experimental values have been obtained it

becomes possibLe to predict the masses of unknown nuclides. The

Garvey-Kelson mass formula and the more recent version put forward by
28)Comay and Kelson belong to this class of predictions.

I
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111:3 Mass determinations

Values for nuclear masses can be obtained by a number of

methods. The most direct technique is the determination of the mass-

to-charge ratio in the electric and magnetic fields of a mass-

spectrometer. This forms the conventional approach to the mass-

determination of stable and long-lived isotopes. RecentLyi Thibault

et al. reported direct mass determinations of highly neutron-rich

sodium and lithium isotopes and also of rubidium isotopes produced

at ISOLDE '. The precision in these measurements is good,

and except for the most unstable nuclei. the errors lie below 200 keV.

Generally» the differences between nuclear masses can be

obtained from the thresholds of various nuclear reactions and the

radioactive decay patterns in which the nuclides are involved-

Close to stability it is possible to deduce mass-values with an

error less than 10 keV using this technique. It requires, however«

the availability of stable targets and is therefore of little use

far from stability.

At presentt apart from the direct determination of massi the

only possibility for determining nuclear masses in neutron-rich re-

gion is provided by the indirect Q "method. Measurements in which
29)

both methods were used have only been performed in a few cases

The resolving power of the mass-spectrometers currently employed

is not good enough to permit mass determinations of nuclides which

exhibit isomeric components. An advantage of the direct method is

clearly that the level structure of the daughter nucleus need not

be known* whereas th is is a pre-requisite for unambiguous determina-

t ions using the indirect Q -method.

111^4 Measurements_of_the_tota^_33decay energy

The principle underlying the Q„-determination method is the
p

evaluation of the total ß-decay energy from the sum of the energy

of a B-branch that leads to an excited state of the daughter nuclide.

and the energy of the subsequent y-cascade which depopulates this

state. This Q -method requires a comprehensive knowledge of the

Level structure« and in cases where such information is lacking it

is only possible to give a lower limit for the total ß-decay energy.
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In some instances a ground state-to-ground state transition is ca-

pable of yielding the Q„-value.

In the experimental arrangement ß-spectra were recorded in co-

incidence with different ^-transitions and a ß-y -coincidence spectro-

meter was constructed for this purpose. This consists of a system

of Si(Li)-detectors for ß-registration and either two Nal detectors

or one Ge<Li)-detector for y-registration.

The spectrometer set-up was used in one of three different

configurations.

I: A main Si(Li)-detector is surrounded by three anti-

coincidence Si(Li)-detectors for ß-detection and two

Nal-detectors for y-detection. The transport time

was 3 s.

II: A main Si(Li)-detector surrounded by two anti-coincidence

Si(Li)-detectors for y-detection and two Nal-detectors

for y-detection. The transport time was 0.3 s.

Ill: A main Si(Li)-detector surrounded by two anti-coinci-

dence Si(Li)-detectors for ß-detection and a Ge(Li)-

detector for y-detection. The transport time was 0.3 s.

In the original Q-,-experiment the spectrometer was placed on

a magnetic tape station which was located outside the collector cham-

bers hence the rather long transport time featured by configuration

I. In this series of experiments nuclides with half-lives longer

tnan 5 s were investigated. This experimental set-up also featured

an air-lock system for the introduction of external sources,^)

and Q -values of some nuclides with half-lives of about 30 min were

determined off-line.

At a later date improvements were made with the spectrometer

moved to a tape station located very close to the direct beam

Because of the lack of space in the detector housing it proved ne-

cessary to remove one of the surrounding anti-coincidence Si(Li)-

detectors. Comparison of the measured response function before and

after this modification indicated that the removal had a minor effect.

Configurations II and Ulf with the shorter transport time 0.3 Si

permitted measurements on several nuclides with half-lives between

0.8 and 5 s.

1
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Tne main improvement to the spectrometer was effected i how-

evert by the introduction of a Ge<Li)-detector for -^-registration.

When using two Nal-detectors for the summation of the y-pulses the

counting efficiency is high but the energy resolution is often

inadequate. Using configurations I and II great care must be taken

to use only peaks well distinguished from the background of the

y-spectrum as gates for the corresponding ß-spectra. High energy

peaks should preferably be used to avoid interference with Compton

background from ^-transitions of higher energy. Many masses were

determined using this early spectrometer geometry. Nevertheless!

owing to difficulties presented by the analysis of ß-spectra com-

posed of several branches, a number of nuclides remained to be studied

with the improved version of the Q -spectrometer.
p

The spectrometer used in configuration I is described in de-

t a i l in Paper I . A short description of the experimental set-up used

in configurations I I and I I I is given below, while further details

are to be found in Ref and Paper I I I .

The SiCLi)-detector system consists of a main transmission

detector which is 25 mm in diameter and 5 mm thick and from which

a segment has been cut in such a way that ß-particles emerging

from a sample have a depth of view of up to 23 mm. This corresponds

to the penetration range for electrons with an energy of about 10

MeV. To eliminate events in which B-particles are rejected from

the main detector use is made of two Si(Li)-detectors that are placed

around the main detector. The arrangement is shown in a sketch

at the top of Fig 4.

The Ge(Li)-detector used for y-detection has an efficiency

that is 18.5 % of a 3 inch Nal-detector while the FWHM at 1173 keV is

1.9 keV. The two Nal-detectors used in configurations I and I I comprise

crystals that are 3 inches in diameter and 3 inches thick.

The electronic circuitry used in configuration I I I is shown

in Fig 4. The time resolution for this system is 19 ns» while that

for the systems used in configurations I and I I is 80 ns.

The calibration procedures employed for the different systems

and an account of the method of data analysis are described in Papers

I and I I I and Ref.31)
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Fig. 4 Block diagram of the electronics used for counting ßy-

coincidences with configuration I I I (PA = preamplifier!

SA = spectroscopy amplifier: TFA = Timing f i l t e r ampli-

fiers TPU = time pickoff unit! DA = delay amplifier!

CFD = constant fraction discriminator! TPC = time pick-

off control! D = Delay! TPHC = time-to-pulse height

converter» RM=ratemeter! LG = linear gate: SCA =
•i

single-channel analyzer: GDG = gate and delay generator!

X and Y = analog to-digital converters).
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The Ge(Li)-detector system has the great advantage over that

based on Nal-detectors of a much improved energy resolution for y-spectra.

The better time resolution of the system used in configuration III also

plays a fundamental role for the improvements. Since the energy window

that covers the y-peaks in the spectrum as seen by the Ge(Li)-de-

tector is very narrow and the time resolution is quite good» the

number of chance coincidences can be expected to be almost negligible.

Thus» although the Nal-detectors has a counting efficiency which is

ten times greater than that of the Ge(Li)-detector» there are many

instances in which the advantages offered by the latter are so great

that it is clearly to be preferred.

There are special cases» however where the use of configuration II

is better. Good examples are the most short-lived indium isotopes with

rather low activities but with high-energy y-transitions present in their

spectra.

Alternatively, configurations I and III complement each

other as in the mass determination of Sb. In this instance Fermi-

Kurie analysis is performed on a 3-spectrum which is coincident with

the 706 keV y-line as obtained with two Na(I)-detectors so that a

sufficient number of coincidences can be collected within a reasonable

experimental time. A second measurement was then performed using con-

figuration III to prove that contamination in the ß-spectrum resulting
134from coincidences with the 713 keV y-transition in the decay of Te

was negligible.

At present the mass of about fifty nuclides has been deter-

mined with the OSIRIS facility. This thesis deals with mass deter-

minations of the neutron-rich isotopes of indium» tin» antimony» and

tellurium. The results for indium and tin are of particular interest

since they are the source of mass data for a long series of isotopes

that reaches into regions far from stability in the vicinity of the

doubly closed shell nucleus Sn . In this region mass data are

of major significance for mass formula tests. These Q -values

are also important for the identification of delayed neutron precursors

and also for the interpretation of neutron spectra among the indium

isotopes (cf. Section IV-.3» Table 3 and Papers V and VI).
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111:5.1 Tošal ß-decay energies_of_neutron_rKh_i^nd^um_^sotopes

The determination of Qo for the indium isotopes was performed
is

using all three of the conMgurations described in Section III: 4. in

view of the short half-lives of the heavier indium isotopes most of

these were studied using the position close to the direct beam. Since

the ion-source has a high efficiency for the production of indium»

the activity was strong enough to permit the determination of Qß with
high accuracy even in the instance of short-lived isomers.

The Qg-determinations are based upon decay schemes investi-

gated at OSIRIS33"37*. Each of the mass numbers in the range 120-129

contains two isomers. For the odd masses the energy difference

between the isomers is expected to be 300 keVt and this was con-

firmed in the course of the present investigations within the li-

mits of error. For even masses» the accuracy was not sufficient to

allow the relative position of the isomers to be established. Since

the low-spin indium isomers are fed in the course of the decay of

even mass cadmium isotopes knowledge of their mass excess is appli-

cable to the determination of the mass excesses for the cadmium iso-

topes by the indirect Q„-method. Fig 5 is a plot of the Q„-values of

the low-spin isomers of the even-mass indium isotopes plotted as a

function of mass- or neutron number. The lower part of the diagram

shows the deviations as a function of mass number that are obtained

between the experimental and calculated Qft-values using four diffe-

rent mass formulae ' . Of the two isomers that with the lowest

value of Qo has been arbitrarily chosen for the discussion in Paper Vf
p

however.

Both Fig 5 and Table 1 demonstrate that the deviation between

experimental and calculated Qg-values is smallest for the mass formula
26)devised by Li ran and Zeldes and from the mass relations due to

.28) .23)Comay and Kelson . The droplet formula by Myers ~" seems to fai L

in this region. The situation is more clearly shown in the figure

where the formula suggested by Myers is seen to overestimate the odd-

even effect and predicts values of Q that are too low throughout

this region. All four of the mass formulae exhibit the same tendency

to predict values of Q& that are too low for indium isotopes with mass

numbers above 126.

L

1
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I



11,
- 17 -

9

8

7

> 2

S 1
"o
S OJ

• -0 .5

-1

71 73

In isotopes

75 77 79 N

_ I i i i i i i i i

120 122 124 126 128 Z

Fig. 5 Upper part: QQ-values of indium isotopes as a function

of mass number. Lower part: Differences between experi-

mental. Q -values and theoretical predictions; a) Ref 231

b) Ref 25. c) Ref 26. d) Ref 28.
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Table 1

Experimental uncertainties and the mean deviation between experi-

mental and predicted values of Q g.

Nuclidic

region

120-129T„

Sn. Sbt Te

Paper

III

II

Exp

(MeV>

0.12

0.10

<|Q f

a

0.57

0.18

iiexp

b

0.67

0.36

G

c

0.36

0.28

ßtpřed

d

0.20

0.30

|>(MeV)

e

0.24

0.20

0

0

f

.17

.23

a) Ref 23

b) Ref 24

c) Ref 25

d) Ref 26

e) Ref 27

f) Ref 28

111:5.2 Totalß-decay energies for isotopes of tint antimony and

tellurium in_the vicinity of _Sn

Measurement of the total ß-decay energies of the nuclides

reported in Paper II was begun using configuration I in which the trans-

portation time was 3.4 s. Because of the poor resolution of the Nal

detectors and difficulties encountered in analyzing the complicated

ß-spectra obtained, complementary measurements were performed for

several nucLides using configuration III.

38-441Extensive decay studies of the even-mass tin isotopes

form the basis for the determination of Q0-values in this mass region.
p

The situation is not so favourable for the odd-mass tin isotopes.
129 1̂ 1

In the instance of the isotopes Sn and Sn only fragmentary de-

cay schemes are available and the uncertainty with which the total

ß-decay energy can be measured increases accordingly.

The results obtained for the determination of Q ß in the series

of tin isotopes are sketched in Fig 6. The lower part of

the figure shows the deviation between experimental Q -values and
p

those predicted by four different mass formulae. All the four

formulae predict the Q^-values rather well with some advantage to the

mass relation by Comay and Kelson28*.
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As regards the antimony and tellurium isotopes the situation
is similar» but here the droplet formula proposed by Myers seems
to give the best predictions (cf. Table 1).

111:5.3 Nuclear masses

The measured Qß-values have been used for the calculation of
nuclear mass excesses. Starting from that member of an isobaric
chain whose mass is knownt the masses of isobars further away from
the ß-stability line can be determined by adding the measured total
e-decay energies. The values of the mass excess thus obtained are
compared to results obtained with six different mass formulae. The
mean deviation between experimental and calculated values for the
mass excess are collected in Table 2.

Table 2

Experimental uncertainties and the mean deviation between experimen-
tal and predicted mass excesses.

Nud i di c

region

120-129 I n

Sn> Sbi Te

Paper

I I I

I I

Exp

(MeV)

0.12

0.11

1

0

<l
a

.39

.32

Q 3

1

0

»exp

b

.00

.87

-

0

1

C

c

.3

.0

Jfl.

0

0

před

d

.12

.49

l>

0.

0.

(MeV)

e

22 0.

61 0.

f

15

36

a) Ref 23
b) Ref 24

c) Ref 25
d) Ref 26

e) Ref 27
f) Ref 28
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82 N

127 129
Fig. 6 Upper part: Q -values of tin-isotopes as a function of

mass number- Lower part: Differences between experimen-

tal Q -values and theoretical predictionsi a) Ref 23t

b) Ref 25, c) Ref 26, d) Ref 28.
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The delayed emission of neutrons during the course of nuclear

fission was observed early in 1939i shortLy after the discovery of the

nuclear fission itself^5*. This phenomenon was interpreted by Bohr

et al.^6) to be the result of nuclear excitation following upon the

6-decay of fission fragments.

When removing from the valley of ß-stability on the neutron-

rich side there is a decrease in the binding energy of the last

neutron. B ,in the daughter nucleus while the total ß-decay energyi

Qßi0f the precursor increases. At a point sufficiently far from the

region of ß-stability the value of Q ß exceeds that of Bn and emission

of neutrons may occur if the precursor decays to states above the

neutron bindina energy in the emitter nucleus. The half-life of the

precursor accordingly decides the rate of neutron emission

L

The significance of delayed neutrons as agents that control

the rate of fission in a chain reaction was appreciated at an early

stage and noted in the literature before the first self-sustaining

chain reaction had been achieved. While the fundamental role of

delayed neutrons in the kinetic behaviour and control of nuclear

reactors was firmly established from the beginning! untiL now it has

been sufficient for the purpose to acquire integral data and knowledge

about groups of delayed neutron precursors based on different half-lives.

However» for the design of fast breeder reactors a better knowledge

of the effect is needed and this can onLy be obtained by studying

individual precursors.

The emission of delayed neutrons of individual precursors

has been studied following chemical separation47~49). a method which

so fas has been successful only for certain elements. With the intro-

duction of the on-line-separation of isotopes there has been a con-

siderable increase in the amount of information about individual

emitters.

Delayed-neutron spectra from 24 precursors have been studied

at OSIRIS and identification and half-life determinations have been

performed for 43 nuclides (see Papers IV. V). In 1963 16 precursors

£ - 35 -
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50)were known« and while the 1973 compilation by Tomlinson " com-

prises 91 neutron emitters the measurements made at OSIRIS since

then have added another 15 nuclides. The list of delayed neutron

precursors will clearly grow further since all nuclides will become

precursors at points sufficiently far from stability.

The emission of ß-delayed neutrons is a process which occurs

in two steps. The precursor (Z.N) disintegrates by ß-emission to an

excited state in the emitter (Z+1.N-1) « which can be regarded as a

compound nucleus. This state decays« either by y-emission or by

neutron emission to an excited state or to the ground state in the pro-

duct nucleus (cf. Fig 7).

Z.N
PRECURSOR

2

Z+1, N-1
EMITTER

Z+1, N-2
PRODUCT NUCLEUS

Fig. 7 Basic principle of delayed neutron emission.
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The shape of the energy distribution of the delayed neutron

can be calculated in the following way. The first step of the pro-

cess is described satisfactorily by the theory of ß-decay.

Studies of the ß-strength function performed in this laboratory

demonstrate that the nuclear matrix element which governs the rate

of ß-decay is approximately energy independent. This means that the

probability of feeding a given excitation energy in the daughter

nucleus is proportional to the level density and the Fermi function.

The next step is a competition between the processes of y- and

neutron emission. The probability of neutron emission depends on

the wave number of the emitted neutron and on the neutron energy,

while the y-width is assumed to be energy independent. These consi-

derations lead to the following simple formula which describes the

shape of the neutron spectrum:

2
P(En)dEn= const.

J t

( En>

( E n ) + r
Y

M
JIT ' p J i t(E) f ( Z + 1 . Q 3 - E ) d E n

(1)

where

(1)

rR = the width for the emission of neutrons of wave number I,

r = the y-width

pJir = the density of levels of spin J and parity *

f(Z+1. Qß-E) = the Fermi function

IMJTJ
 = t h e a v e r a 9 e o f the square of the nuclear matrix elements

which govern the ß-decay

E = the excitat ion energy of the level which is fed by ß-

part icles

En = the neutron energy

Qp = total ß-decay energy
Bn = the D1ncli"n9 energy of the last neutron of the daughter nucleus.

For further details about the energy distribution of delayed neutron
cf. Refs52' 53).

For reactor calculations the energy spectra of delayed neutrons
54)should be described in simple terms (cf. Ref ). The spectra may be

represented by a set of discrete neutron energies and intensities (fine

structure), and continuous distributions depending on the nucleus con-

sidered, the wave number of the emitted neutron, the level density, the

total decay energy of the precursor, and the neutron binding energy

of the emitter.
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Since the energy-dependent component of the factors in

equation (1) are important the spin component of the Level density

function can be neglected. The Fermi function may be approximated by

the expression

f<Z+1. QQ- E) = const x (Qß- E )
5 .

p p
(£.)Furthermore! the neutron width r is proportional to the neutron

transmission constant i and this can be determined from the optical

model55).

By introducing these approximations the neutron distribution

corresponding to wave number I can be expressed in the form:

e2^<Ě=PT 5

" W V (E.P)5/4
 C V E ) dEn'

where C» = a normalization constant
So = the neutron branching ratio
P = the total pairing energy
a = the level density parameter

A detailed description of the procedure is given in Ref

(2)

54).

For neutron emitters that possess a single neutron outside of

a closed shell the spectra show a pronounced fine structure t an effect

which gradually fades out as more neutrons are added to the precur-
s o r53,56.57)

jtV^2 §xper^mental_equipment

IV:2.1 Delayed neutron counting

A neutron counter was constructed for the ident i f icat ion and

h a l f - l i f e determination of delayed-neutron precursors. This counter

comprises 30 He detectors embedded in paraffin and surrounded by a

neutron shield. The detector resolution was found to be rather

low but th is did not prove to be a l imitat ion for the present

experiments. The detector system has a measured eff iciency of 13 %
referred to a Pu-Be source. For a more detailed description see Pa-

per IV.
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IV:2.2 Neutron spectroscopy

A high resolution He spectrometer was used to measure the

energy distribution of delayed neutrons. The spectrometer consists of

a gridded ionization chamber. A helium-krypton gas mixture is used in

the cylindrical counter. The resolution was found to vary with

neutron energy from about 20 keV at the thermal energy level to about

35 keV at 1 MeV.

The requirements imposed on the electronic system are few and
simple, The anode pulse is amplified and shaped by means
of a charge-sensitive preamplifier which is followed by a linear
amplifier and a biased amplifier. The pulse is then suited for fee-
ding to the ADC of a multichannel analyzer » a 4096 channels analyzer
being used in the present experiment. In practice many problems arise
since the energy resolution is degraded by electronic noise.
Far instance the whole detector system was mounted on a bed of dam-
ping material in order to avoid microphonic effects in the electronic
system. The whole detector system also has to be properly
electrically insulated from the separator and vacuum systems and care-
fully earthened. In spite of these efforts the disturbances at low
energies are severe and the response function of the detector is in-
sufficiently known so that no attempts have been made to interprete
the neutron spectra below the neutron energy 100 keV. Details about
the neutron spectrometer are given in Refs .

Since quite high activities are needed for neutron spectroscopy
the experiments were performed at a reactor power of 400 - 500 kW.
At this level the fast neutrons background was 0.13 cps. A background
spectrum was obtained and subtracted from the measured neutron
spectrum in alL cases. The response function had been determined
experimentally by irradiating the spectrometer with mono-energetic
neutrons from the nuclear reactions Li(p.n) Be and T(p,n) He .

The linearity of the pulse analysis system was measured and
pulse heights were interpreted in terms of incident neutron energies
from a consideration of the position of the thermal neutron peak and
the known Q-value of 764 keV for the 3He(n řp)

3He reaction. Pulses
of accurately known relative amplitudes were passed through the electro-
nic system from the preamplifier to the multichannel analyzer. The
resulting pulse-height values were fitted to the second order poly-
nomial
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Energy = const, x CAQ + A^X + AgX )

where X is channel number. The enrgy calibration is accurate to about

± 10 keV.

The spectrometer yields a pulse-height spectrum which is then

converted into the neutron energy spectrum. This conversion process re-

quires knowledge of the response function of the detector and of its

energy dependence. A computer program has been developed for unfolding

pulse-height spectra and for correcting them for the distortion produced

by y-ray pile-up

IV:3 E£P.er.Í,m,£Qta.l_r.esults

A total of 43 neutron precursors were identifiedf 15 of them

for the first timet and their half-lives were determined» in many cases

with better accuracy than given before. The results are collected in

Papers IV and V. in the partial nuclidic chart» shown in Fig 8» the

positions of the delayed neutron precursors are given relative to the

stable isotopes of the same elements. Clusters of delayed neutron

emitters are observed to occur in regions where there are few neutrons

in excess of the magic numbers 50 or 82. Delayed-neutron emission is

also seen in other regions. An interesting case is the precursor In

where the 82-shell has to be broken in the neutron emission.

An unambiguous identification of the delayed neutron precursors

is usually straight-forward. In some instances the half-life is known

from other experiments while in others the existence of a positive

neutron window. Qb - B . indicates the presence of a delayed neutron
fs n •

precursor. In a few cases» however» it has not been possible to

establish which element is responsible for the measured neutron acti-

vity.

At mass number 79 both zinc and gallium are possible neutron-

precursors as indicated by predictions of the sign of the neutron

window given by different mass formulae. A small discrepancy between

the half-lives» as measured by total 3-counting and by neutron counting»

might be explained by the fact that both zinc and gallium contribute

to the neutron activity (cf. Papers IV and VI). The situation is si-

milar at mass number 128» where it is predicted that both cadmium

and indium should be neutron precursors. Cadmium has been detected

as a component in the isobarich chain but no attempt was made to

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I



1
30

11
IB:
!•

illllül Hfl

IMM:::::::

HiiÄ*:

35

Hi

m
Hl ííi—cKiH

Uli

79Ga
2.63 s

80Ga
.66 s

79_
Zn

(n)

liüinlijij

81Ga
1.23 s

50

82Ga
0.60 s

87_
Br

55.5 s

85A

As
2.08«

83Ga
0.31 s

88Br
16.7 s

B9_

Br
4.37 s

92Rb
4.34 s

90_

er
1.96 s i

AR

9 3Rb
5.85«

91_
Br

0.541 s

MRb
2.69 s

9 3Kr
1.33 s

92_
Br

0.365 s

9 5Rb
0.400 s

96Rb
0.203»

40 45

Fig. 8a Nud i die chart showing the delayed-neutron {.recursors investigated

at OSIRIS in the mass range 79-96. Shaded squares indicate stable

isotopes. The measured half-Life of the precursors is given in

the squares except for the doubtful cases where (n) indicates

the possible presence of delayed neutrons.
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the possible presence of delayed neutrons.
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128
measure the half-life of °Cd. The long-lived activity with T 1 / 2 ^ 1 5 s

reported in Paper V is probably due to contamination.

In most cases« predictions concerning the occurrence of de-

layed neutron precursors are necessarily based on mass formula esti-

mates. Experimental neutron binding energies are scarce in regions

far from stabi lity.and experimental Qg-values are often lacking. For

the prediction of the neutron precursors among the indium isotopes«

however« the situation is favourable. Total ß-decay energies have

been determined for indium isotopes up to mass number 129 (Pa-
127—132per III)»and mass excesses have been deduced for Sn (Paper II).

Well established mass excesses for 123 - 127 Sn are taken from Ref «
124-129and these have been used to calculate the neutron window for In.

The results are collected in Table 3. It is seen from this table

that ' In are not delayed neutron precursors and that 1 2 6In

is a more doubtful case. No neutrons were detected above the back-

ground for these mass numbers.

Table 3

Values of the "neutron window" deduced from experimental re-

sults of Q -values and mass excesses reported in Papers II and III

Precursor

79Ga

12*In

1 2 5ln

1 2 6ln

127ln

128ln

129In

Q

6.

7.

5.

8.

6.

9.

7.

3 CMeV)

77+0.

18+0.

48+.0.

17+0.

48±0.

31+0.

,60+0.

08

05

08

08

07

16

12

Emitter

78Ge

79Ge

123Sn

124Sn

125Sn

126Sn

127Sn

128Sn

129Sn

Mass excess

CMeV)

-71.76±0.

-69.63+-°;

-87.82±0.

-88.24+0.

-85.90+0.

-86.02+0.

-83.50+0.

-83.31±0

-80.63+0

07a

19
09

5

004a

,01a

,01a

,01a

.03

.06

.12

8

5

8

5

7

5

Bn
(MeV)

.93+0.

.49+0.

•73±0.

.19±0.

.55+0.

.87+0.

.39±0.

17

01

01

,01

.03

.06

.13

Neutron window
QQ - B (MeV)
p n

0

-1

-0

-0

0

1

2

.84+0.

.31 ±0.

.25+0.

.02+0.

.93+0,

.44+0,

.21±0

17

,05

.08

.08

.07

.13

.17

a) Ref 16



- 30 -

Paper VI Includes a description of the energy spectra of the
79,, r » 80.81_ 94»95P. a n. 129.130

seven neutron precursors: (Zn. 6a)• 6a. KD.ana In.

L

The gross structure of the spectra has been analyzed according to

the semi-empirical method described previously and in Ref . This

method is sensitive to the "neutron window" and thus to the values

of Qo and B . The agreement between the results of this experiment
p o

and the values of the neutron window calculated ffom experimental
data or from mass formula predictions is satisfactory in all cases

79

with the exception of (Zn.Ga). A value of the neutron window

calculated from experimental mass data assuming that Ga is re-

sponsible for the neutron emission is given in Table 3. The neutron

window obtained is 0,84 ± 0.17 MeV. and it is clear that Ga is a

neutron precursor. The value 0.84 MeV is somewhat higher than any

of the values calculated from mass formula predictions but still much

smaller than the neutron window experimentally determined from the

spectrum shape at mass number 79. The window for neutron emission
79

following the decay of Zn is expected to be larger than that corre-
79

sponding to Ga according to the the majority of mass formula pre-

dictions (cf. Table 2 in Paper VI). An explanation to the discrepancy

between the experimental neutron window and the one deduced from the

spectrum shape could be that the spectrum is composed of neutrons

following the decay of both zinc and gallium isobars of mass number 79.
(cf. the discussion about half-life discrepancies above).

With the exception of the rubidium isotopes the emitters in this

work have a deficit of 2 - 4 neutrons in the closed shells which con-

tain 50 and 82 neutrons, respectively. Fine structure is not to be

expected because of the high level densities connected to high neutron

binding energies . and thus large excitation energies. Still, the

spectrum of Ga exhibits pronounced peaks although the total number

of neutron counts is insufficient for a more far-reaching interpre-

tation.

The remaining spectra show only a gross structure and the ana-

lysis has been performed in each instance by the simplified method.

The relative contribution made by different neutron wave numbers

has been varied in order to reproduce the experimental spectrum

completely.
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V. FUTURE WORK

The determination of total ß-decay energies described in this

thesis forms only a part of the systematic study performed with the

OSIRIS facility315. Nuclides that remain to be investigated in this

study include the neutron-rich silver and cadmium isotopes and some

complementary investigations will also be made among the tin« anti-

mony« and tellurium isotopes. Since accurate determinations of the

Qg-values of neutron-rich krypton» rubidium» xenon« and cesium

isotopes have been performed at other laboratories there are

no plans for experiments in these regions.

When the epxerimental program has been completed a compre-

hensive comparison of the results with the predictions of the various

mass formulae will be undertaken.

As far as the present ion-source is concerned the program for

identifying delayed-neutron precursors must be regarded as being

complete. The neutron counter has now been prepared for investigations

of delayed neutron branching ratios»and such experiments have recently

been started. A plastic scintillator is used for 3-detection« while

the original He-counter is employed for neutron detection. The

principle underlying this investigation is measurement of the ratio

between the neutron and ß-activities.

The OSIRIS arrangement is a very e f f i c i e n t too l f o r studying

the propert ies of a large number of neutron-r ich nucl ides. This f i e l d

is s t i l l f a r from being f u l l y explored» however» and work i s in progress

to improve the t a r g e t - i o n source. Thus« attempts w i l l be made to i n -

crease the temperature in the ion-source in order to f a c i l i t a t e the
69}

study of some transition elements and rare earths . The number of

elements accessible for study will thus be increased« and these new

measurements of Q„ should permit an extension of our present knowledge

of the nuclear mass surface. It is also expected that access will

be gained to new and interesting regions that feature delayed neutron

emission.

-I
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