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Abstract

In this work the structure of Mi85Se at the closed N=50 neutron shell, and the 132Sb, l32Sn,
and 134Te nuclei, at the doubly closed N=82,Z=50 shells, was studied. The experiments were
performed at the OSIRIS fission product mass separator at Studsvik, Sweden. The excited
levels of the studied nuclei were populated in pV decay. The sources were produced in fission
of 235U in the OSIRIS combined target and ion source.

The nuclei were studied by standard nuclear spectroscopy measuring techniques: Singles
y spectra and -//-coincidence data were obtained. In addition, yy(9) angular correlation and
PYY(t) triple coincidence "fast-timing" measurements were performed on the nuclei in the
132Sn (N=82,Z=50) region.

Detailed level schemes for the 8485Se, l32Sb, 132Sn, and 134Te nuclei were built, greatly
improving our knowledge of the structure of these nuclei. The experimentally deduced
transition rates and multipole mixing ratios of the studied 132Sn region nuclei were compared
to theoretical calculations within the random phase approximation framework and related
models. Particular attention was paid to the collective properties of nuclei in the 132Sn region,
parametrizied by the electrical octupole effective charge.

A range of general software spectroscopic tools were developed for the purpose of
analysing the experimental data. This included a program, Yggdrasil, which for the first time
allowed a complete two-dimensional yy-coincidence matrix to be analysed on ordinary
"small" personal computers (PC's).
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Chapter 1 Introduction

1.1 Background and purpose

Since the discovery of the atomic nucleus by Rutherford in 1911, huge efforts have been
directed at describing its properties. When Cadwick discovered the neutron in 1932, it was
realized that all nuclei could be considered to be "built" with a unique number of neutrons
and protons. This led to attempts of predicting the properties of a given nucleus by
considering the interactions between its nucleons. It was known empirically that nuclei with
certain "magic" numbers of protons and neutrons displayed special properties such as: high
binding energy of the "last" nucleon relative to nuclei with Z = 7^^ + 1 or N = Nmagic + 1;
high lying first excited states; small quadrupole moments; low neutron capture cross sections;
and so on. The physicists had to develop a model which reproduced these magic numbers at
such "closed shell" configurations.

The necessary insights were gained during the late 1940's: In 1949 Mayer [1] in the United
States and Jensen and co-workers [2] in Germany independently developed a model which
reproduced the observed magic numbers and much of the empirical nuclear properties then
known. Their approach was based on models of electron motion in a central potential. The
success of this approach is quite amazing considering the rather huge differences between the
two systems: Contrary to the atom the nucleus has no central charge, it consist of two
different sorts of particles, the nuclear force is very different from the Coulomb force and
there is a strong spin-orbit coupling in nuclei.

Mayer and Jensen realized that the Pauli exclusion principle greatly suppresses the number
of "collisions" between nucleons (i.e. the number of ways in which the nucleons can interact).
This made it plausible to describe an individual nucleon as moving independently in an
effective, central potential. They reproduced the three first magic numbers (2, 8, and 20) by
using a spherically symmetric harmonic oscillator potential. The subsequent magic numbers
appeared when they included the strong spin-orbit coupling in their Hamiltonian. This was
the necessary remaining insight needed to obtain the "correct" level spacing shown in Fig. 1.

All later shell-type nuclear models are in some way based on the Mayer-Jensen model,
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Fig. 1 Splitting of the energy levels of the spherically symmetric harmonic oscillator by spin-
orbit coupling. The "magic numbers" are indicated in the far right-hand column.

usually referred to as the independent particle model. Interactions between individual nucleons
are completely ignored in this model. Such interactions do, of course, take place. They are
treated as residual interactions in the various shell model approaches. These approaches differ
mainly in the way they treat the residual interaction.
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For any but the very lightest nuclei the closed neutron and proton shells are usually treated
as inert cores in the shell model. This considerably simplifies the description of the nucleus,
since only the valence nucleons (those outside the core) need to be explicitly dealt with. It
is thus possible to describe even very heavy nuclei by just considering the motion of a few
particles. Of course, this advantage diminishes with increasing number of particles outside the
core. Therefore, in cases with many particles outside a closed shell, other approaches are
usually taken (macroscopic or collective models). Bridging the gap between the pure shell
model method and these macroscopically oriented methods is one of the major tasks in
today's nuclear physics.

In principle, the inert core approach holds whenever a level, and not necessarily a whole
shell, is filled. However, in many cases several close-lying levels fill simultaneously. I.e. the
matrix elements connecting different close-lying levels may be large compared to their
separation. Therefore, only levels which are well separated from "valence" levels can safely
be ignored. Generally, it is therefore not safe to ignore filled levels, only filled shells.

A detailed description of different shell model approaches is outside the scope of this
thesis. Such descriptions may be found in most nuclear physics textbooks, e.g. the books by
Heyde [3], Casten [4,5], and deShalit and Feshbach [6]. Only a few relevant points will be
mentioned here:

At first one would think that a level (or shell) lacking one particle would be the most
difficult case to handle, on the assumption that every particle in the level must be accounted
for. However, such a "hole" state turns out to exhibit many of the properties of a particle
state, due to the nucleons fermion character and conservation laws. This particle-hole dualism
is more formally treated in the "second quantization" or "occupation number representation"
formalism, summarized bellow:

All even-even nuclei have J* = 0+ ground states (g.s.). Proton and neutron separation
energies, furthermore, exhibit an odd-even effect, indicating an extra binding in the 0+ g.s. of
even-even nuclei. Therefore, the shell model must push the J*=0* state energy down. It is
known that a short range force between two identical nucleons in equivalent orbits produce
a lowering of the f=Q* state due to the Pauli exclusion principle (which allows such
interactions to affect only spatially symmetric wave functions). In heavy nuclei it is customary
to model this short range force by the paring interaction. This is defined to be an attractive
interaction which only affects two identical particles in total angular momentum 0+ states.
Other states are unaffected. The pairing interaction can be defined in terms of its matrix
elements (Casten [4] page 93):

where G is the strength of the pairing force and the other symbols have their usual meaning.
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G may differ for protons and neutrons due to the Coulomb repulsion. It can be seen from (1)
that the pairing force acts not only between particles in the same j state, but also between
particles in different j states \fJ=Q*) and \j'2J=Q*). This means that the paring force can
"scatter" particles from one orbit to another. Thus, it mixes 0+ states and creates partial
occupancies near the Fermi surface. In the absence of pairing, all levels would be occupied
up to the Fermi energy, X, and those above would be empty. Instead, the levels near the Fermi
energy will only be partially occupied and therefore display both particle and hole character
at the same time. If there were no pairing, the excitation energy to excite the least bound
particle into level e, would simply be fe, - X). In the presence of pairing this single-particle
excitation energy is replaced by a quasi-particle (QP) energy E, (Casten [4] page 134):

E, = (2)

A is the so-called gap parameter which depends on the level spacing and density around the
Fermi surface. Thus, particles and holes are replaced by quasi-particles that represent partially
filled levels, and a particle-hole excitation is replaced by the creation of one quasi-particle and
the destruction of another.

The quasi-particle picture leads to significant simplifications in shell model calculations.
In the quasi-particle picture, the complexity due to partial pair occupancies induced by the
pairing force is effectively absorbed into the g.s. (quasi-particle vacuum, D). Therefore, we
need only consider quasi-particle excitations relative to the Fermi surface. This approach also
considerably simplifies the nucleon logistics for heavy nuclei: Instead of handling the
A-particle antisymmetrised Slater determinant wave function

(1,2,...^) = - i ;

) <P

) <P

) 9

«2(2)

... <p

••• (p

(3)

where a, represents the quantum numbers for state i, and cp represents single-particle wave
functions, we can create the equivalent A-particle wave function by operating on the vacuum
state with "creation" operators a*ai. A particle in quantum state a, is created when a*a

operates on D,

la,.) = (4)

The A-particle state can then be obtained by the successive action of A such operators, acting
in a given order:

\ava2,...,aA) = (5)
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The properties of the creation operators must be chosen in such a way as to guarantee a one-
to-one correspondence between the left-hand sides of (3) and (5).

A proper derivation of the "vacuum" formalism, or rather "second quantization" formalis,
may be found in e.g., Heyde [3], chapter 5.

A hole creation operator is also defined:

l / - » = Oy.JO) (6)

i.e., the ajm operator creates a hole in the otherwise filled j level with magnetic quantum
number m. The b) state denotes a closed shell vacuum state.

In this way we obtain symmetric handling of particles and holes, both of which represent
excitations from the g.s.. In this perspective, nuclei with one or a few particles or holes
"outside" a closed shell should be ideal and simple cases for the shell model. Of course, the
"purity" of the observed shell model states depends on the core's "stiffness". Therefore, a
nucleus with one or a few valence QPs outside a closed proton and neutron shell should yield
very pure shell model states. Thus, doubly closed shell (DCS) regions are particularly well
suited to investigate shell model parameters: A nucleus with one QP outside a DCS core will
provide basic data about single particle (SP) structure. In the same manner, two QPs outside
a DCS core will give basic information about the nucleon-nucleon interaction. The DCS
nucleus itself also yields valuable information, e.g. about particle-hole excitations, the
corresponding levels will of course be at high energies since at least one particle must be
moved into the next shell.

In summary, all nuclei in the neighbourhood of a closed shell can provide basic
information on SP structure and interactions which are applicable to the shell model.

The validity of the independent particle motion approach and of the shell model needs to
be verified by comparison with experimental results. Naturally, most of the available
experimental data are from stable or near stable nuclei. However, closed shell nuclei may lie
far away from the stable nuclei (see Fig. 2). Thus, to test the various shell models further, it
is of great interest to obtain data on nuclei from the more inaccessible parts of the nuclear
chart. This implies that nuclei far from stability in the closed shell areas must be produced
and probed. The works in this thesis have been directed at providing new data and
understanding on such nuclei.

As mentioned, experimental data on the DCS regions are particularly valuable. However,
experimental difficulties limit the number of the available regions, which are few at the
outset. Fig. 2 shows the doubly magic regions now accessible (except the 78Ni DCS region,
which currently is outside experimental reach). In the past, for all nuclei except the lightest
(A>56), only the 2O8Pb DCS region has been accessible to thorough studies. This makes the
current OSIRIS project in the I32Sn region, of which a small part constitutes a large part of
this thesis, particularly interesting.

Until now mass separated fission products have been the main source for nuclei on the
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Fig. 2 The doubly closed shell regions. All regions, except the 78Ni region, have to a certain
degree been experimentally studied.

neutron rich side of the nuclear chart far away from the valley of stability. This has somewhat
limited the available nuclei to those with high fission yields. However, recent advances in
accelerator target technology and radioactive beams look very promising, and a wealth of data
on both the neutron and proton rich sides far from stability may be expected in coming years,
see e.g. Ref. [7]. In addition, fission sources are continuously being improved, extending their
yield of very neutron rich nuclei. See e.g. the PIAFE at Grenoble project [8].

1.2 Presentation of the included works

This thesis consists of work done in three different, but related projects: (i) Experiments
on nuclei near the N=50 closed neutron shell, (ii) experiments on nuclei in the N=82, Z=50
doubly closed shell region and (iii) the development of analysis tools for y-ray spectroscopy.
The experiments were carried out at the mass separator facility OSIRIS at Studsvik, Sweden,
while the subsequent analyses were mainly performed at the Nuclear chemistry group of the
University of Oslo. All software development was done in Oslo.

Originally, the N=50 project aimed at studying a larger range of decays in this region than
the wAs —» wSe and 85As -> 85Se decays which were eventually covered. In particular a study
were planned of the decay of 83Ge —» 83As. However, the available OSIRIS beam intensities
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and purities were found to be too small for a thorough study. The focus of this thesis was
therefore redirected to the 132Sn doubly closed shell (DCS) region, where a new and rather
ambitious OSIRIS project had just been started.

In parallel with both of the experimental projects mentioned, a third project was run,
aiming at developing fast, easy-to-use, PC-based analysing tools for y-ray and yy-coincidence
spectroscopy. At the outset of this work no usable tools for such purposes existed at the
section for Nuclear Chemistry at the University of Oslo. After reviewing a couple of programs
available from other sites, it was decided to start from scratch since most programs originated
from large mainframe computers with very limited graphical capabilities. The task of
rewriting existing software was therefore estimated to be more time consuming than writing
new programs. Furthermore, this approach ensured that the programs would be coherently
written with "up-to-date" techniques and that they would run smoothly on the target
computers.
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Chapter 2 Experimental methods

All experiments included in this work were performed at the isotope separator facility
OSIRIS {Online Separation of Isotopes at the Reactor In Studsvik) [9,10,11 ]. OSIRIS is part
of the Uppsala University Neutron Research Laboratory (NFL), located at Studsvik in
Sweden. The NFL activities are based around the two pool-type research reactors designated
R2 and R2-0. The latter is a small 1 MW reactor which is totally dedicated to OSIRIS during
experiments. The activity is produced in the unique OSIRIS combined target and ion-source
ANUBIS (An Unconventional Bi-mode Ion ^Source) [12,13], which is situated in the East-2
channel of the Studsvik R2-0 reactor [14]. The thermal neutron flux (with an upper limit of
3-10" n/s/cm2) may be varied to suit each experiment.

2.1 The combined target/ion-source and the beam transport and
sampling system

The radionuclides are produced by thermal-neutron induced fission of about 1 g of 235U.
The uranium target is heated to 2300-2500°C, which ensures swift release of fission products.
(The uranium is in carbide form, with an excess of carbon, to ensure thermal stability and fast
diffusion.) The released fission products are ionized in either surface or plasma mode. The
ions are extracted by an electric field and focused into an ion-beam, then mass-separated in
a bending magnetic field. Thus, a relatively pure mass isobar is rapidly separated and
extracted from the produced fission spectrum. The nuclei in the selected isobar are finally
collected on a movable Al-coated Mylar tape. Fig. 3 provides a sketch of the experimental
area.

The experimental conditions are controlled by collecting the activity on a movable tape.
The main advantages of this procedure are:

• Old activity may be removed from the collection position. Whereby the build-up of
unwanted, long lived activity is eliminated.

• The detectors may be placed either at the collection position (parent-port config-
uration, arrangement b) in Fig. 4) or at a separate measuring position (daughter-port
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Fig. 3 The experimental area at OSIRIS.

configuration, arrangement a) in Fig. 4). In the latter case the last sample may be
measured in parallel with the collection of the next one. This ensures optimum usage
of available reactor time.

• There is full freedom in building detector rigs around the daughter port, since it is
less restricted by the beam tube and collection arrangement. The tape may be routed
to suit a particular detector set-up. This is achieved by using interchangeable tape
guides, see Fig. 4. The arrangement c) in Fig. 4 is particularly convenient in
experiments where detector placement is critical or crowded.

The tape transport speed is critical for measurements of short half-lives in the daughter-port
configuration. The acceleration/deceleration of the tape is the limiting factor: Mechanical
problems will occur if the tape is started or stopped abruptly. The old tape transport system,
only capable of either running at full speed or not, had a tape speed limit of -30 cm/s (for 15
cm transport length). In order to increase the maximum tape speed during sample movement,
the author developed a new tape-control system (in cooperation with the in-house OSIRIS
group). It uses a PC-LabCard PCL-838 step-motor PC-card with on-board firmware to
smoothly accelerate and decelerate the step-motor moving the tape. The tape may be brought
to speeds of -75 cm/s with the new tape-control system. Very short half-lives, however, must
be studied in the parent-port configuration. In such cases the tape speed is not the limiting
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factor, but high tape speeds will increase the efficiency. Fission products with T1/2 down to
a few ms have been studied at OSIRIS. The "record" is 125m2In with T1/2 = 2 ms.

The 235U target yield of the different fission products will be distributed according to the
well known thermal-neutron induced fission distribution [15], and the yield of a given nucleus
depends strongly on its position in the fission spectrum. However, the purity of the mass-
separated beam depends on the yield relative to the other nuclei in the selected isobar.
Furthermore, the yield and purity depend on the chemical properties of the different isobars
in a given mass chain, determining target release time and ionization efficiency. Thus, in
favourable cases, the yield of a given nucleus may be selectively enhanced by choosing
optimal target temperature and ionization mode. This effect may be used to differentiate
between nuclei with similar half-lives. E.g. altering the target/ion-source conditions will affect
the relative intensity of y rays from different nuclei.

If the collected activity is frequently removed, activity from nuclei with long half-lives will
of course be depressed. Thus, an optimal tape-cycle time is sought for each experiment.

For further information on the OSIRIS ion-source, beam and tape-transport system the
reader is referred to the thorough and very instructive review in Hellstrom's Ph.D. thesis [16]
and to the other references already mentioned [9-13].
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2.2 Simple spectroscopic measurements

The nuclei included in this work were studied by various measurements of their emitted
y rays, P particles and electrons. Detection of P particles were generally used only for gating
purposes. E.g. the short-lived part of the activity may usually be enhanced if the spectra are
P gated (i.e. only events in coincidence with P particles are accepted). No P spectroscopy was
performed. Experimentally determined Q̂  values and ground state lifetimes were generally
taken from literature. Thus, the new nuclear structure information compiled in this thesis was
mainly deduced from 7-ray spectroscopy, i.e. by measurement of y-singles spectra, yy
coincidences, yy(6) angular correlation, and "fast-timing" pyy(t) triple coincidences. In
addition, a few measurements of e" spectra to determine conversion coefficients were made.

Usually, investigation of an unknown or only vaguely known nucleus would start with
measurements of singles y-ray spectra (plain or p gated). However, because the OSIRIS mass
separator does not facilitate element separation, the spectra will contain y rays from all
neutron-rich nuclei within the selected mass. Therefore, a series of consecutive y-ray singles
spectra is obtained as a function of time delay from the moment collection starts. This
procedure is called "multi spectrum scaling" (MSS). Activity from nuclei with different half-
lives may then be grouped according to behaviour in the consecutive spectra. Eight time-bins
(consecutive spectra) are normally used at OSIRIS, and it is possible to start the measurement
at any time relative to the collection process. Normally the measurement is either started when
collection starts or ends. Due to the short half-lives the sampling-measuring cycle has to be
repeated over and over again to improve statistics. Different addition/subtraction schemes may
then be employed to characterise the observed y rays. E.g., if one chooses the time-bin width
(the measurement time for each spectrum) equal to the half-life of the studied nucleus, the
last time-bin spectra would mainly contain activity from longer lived nuclei. Therefore,
subtracting the last time-bin spectrum from the others eliminates long lived activity in the
spectra. An example from an analysis of MSS data is included in the discussion of the
analysing program SComp (section 4.2, page 26 and Fig. 8).

2.3 The (3yy(t) "fast-timing" method

Deducing the structure of excited levels in nuclei is one of the main objectives of low-
energy nuclear spectroscopy. Measuring experimental transition rates (derived from measured
level lifetimes and branching ratios) is one way of doing this. The experimental transition rate
(per unit time) T(A) may be converted to the reduced transition probability B(A) by a simple
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formula:

^ ^ k u ^ B ( X ) (7)

where lc = oVc < 1/R, with R the nuclear radius and co the transition energy, which means that
we evaluate transition rates in the long wavelength limit (low excitation energies). X is the
transition multipolarity. The reduced transition probability carries all the nuclear structure
information. Furthermore, B(X) is independent of nuclear mass, transition energy, etc. (thereby
"reduced"), i.e. B(X) values are directly comparable.

If the initial and final states involved in the transition are pure, then B(X) provides direct
information about the corresponding matrix element:

(8)

where the symbols have the usual meaning. Thus, measurement of level life-times allows us
to directly deduce values of individual matrix elements. Of course, if the initial and final
states are mixed, the expression for B(X) becomes more complicated. But even then valuable
information may be extracted from measured transition probabilities, e.g. the degree of
mixing. For a thorough explanation of (7) and (8) see e.g. chapter 8 in deShalit and Feshbach
[17]. In summary, measurements of level lifetimes allow direct deduction of parameters of
importance to nuclear physics.

Most transitions between excited levels are very fast, demanding fast detectors and
electronics, if they are at all measurable. Unfortunately, the fastest detectors have poor energy
resolution, preventing direct measurement of weak transitions in nuclei with complex decay
schemes. Until recently the only available alternative for complex nuclei was to use planar
Ge detectors in a delayed coincidence set-up, imposing a lower limit on the measurable level
lifetime in the ns range [18]. Only in a few special cases it was possible to measure level
lifetimes in the sub-ns range (0.1-1.0 ns). However, a method developed by Mach has enabled
measurement of level lifetimes in the ps range even on relatively weak decay branches. The
method is extensively described in refs. [18,19,20], only a survey will be given here:

The pyy(t) triple coincidence method uses two fast scintillation detectors, one for P
particles and one for y rays, in combination with a high energy resolution y detector. A
wealth of important new data on neutron rich nuclei, hitherto unobtainable, have thus become
within experimental reach. For the purpose of this thesis, the method was used with great
success on nuclei in the 132Sn area. An attempt to measure level lifetimes in 85Se was made
as well, but revealed no observable lifetimes. In particular, a search was made for the lifetime
of the 462 keV level, but the 462 keV transition deexciting this level is apparently faster then
the obtained detection limit of -30 ps.
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Fig. 5 Simplified diagram of the electronics required for measuring Pyy triple coincidences.

In Fig. 5 a simplified picture of the necessary electronics is given. As may be seen, two
TACs are employed: The one to the left (fast-TAC) is the one actually measuring the short
lifetimes (between the (3 detector and the fast y detector). The one to the right (slow-TAC)
is used to select a certain decay path through the level scheme. Thus the Ge detector "filters"
the signals seen by the fast-TAC. The ADC is only triggered if both TAC's have fired (the
electronics to ensure this are not shown), thus demanding triple coincidences. A number of
criteria must be met for such a "fast-timing" system to work:

• The p and y detectors feeding the fast-TAC must be as fast as possible, i.e. it is
necessary to use scintillation detectors, because semiconductor detectors are too slow.
For p-detection a plastic scintillator (NE111A) is used, which has excellent timing
properties [21]. A BaF2 crystal is used for the fast y detection. BaF2, originally
thought to be a rather slow scintillator, has been discovered to have a fast light
component [22] (provided the crystal has been carefully cut in the manufacturing
process). At '"Co energies, BaF2 crystals have a time response about equal to a
plastic scintillator, but with a much higher energy resolution. In addition, low energy
7 rays will, for full energy events, give stronger light output from a BaF2 than from
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a plastic scintillator. Therefore stronger PM-tube signals are generated. Thus BaF2

crystals are the most suitable scintillator for y detection in fast timing measurements.
• The time response of the plastic P detector and its constant fraction discriminator

(CFD) is energy dependent. Unlike the BaF2 scintillator, time vs. energy correction
cannot be applied (see below). This is due to the continuous nature of the p-particle
energy spectrum and the very poor energy resolution of the plastic. Furthermore, if
both the BaF2 detector and the plastic detector must be corrected for walk (i.e. time
response with respect to energy) the analysis would be too complicated, or
impossible. This problem is avoided by using a thin plastic detector, acting as a AE
detector. AE detectors will provide uniform time responses with respect to energy,
provided the p energies are high enough (> 2 MeV). Due to the high 2p values
normally encountered in the decay of neutron rich nuclei far from stability, this is
not a problem. Note that the 132Sn —> 132Sb decay (Paper V) has an unusually low
Efrmax °f only ~l-8 MeV. However in this case 99% of the P feeding goes to a single
level. Therefore the use of a common gate on the P spectrum yields results that are
equivalent to the AE detector case.

• The BaF2 scintillator and the signal conditioning CFD time responses are energy
dependent. To cater for this, careful calibrations must be made for the covered
energy range. Extensive measurement of known transitions, prompt or with known
level lifetimes, must be performed to build the "walk curve" for the BaF2 y-energy
dependence. The sensitivity of the method and the required precision can be depicted
by the necessity to differentiate between the type of events in the BaF2 crystal: The
time response differ by about 2-10 ps for Compton and full energy absorption events
and approximately 2.2 ps per MeV difference for Compton events (i.e. difference in
Y energy before Compton scattering).

Fig. 6 shows the walk curve of the last set-up used for the I32Sb, 132Sn and l34Te
experiments. An example of a prompt time spectrum between the two fast detectors is inserted
in Fig. 6.

The determination of level lifetimes is basically done by measuring the centroid shifts
between a prompt and delayed (due to the lifetime) time peak. The actual analysis is
complicated due to the many necessary corrections imposed by the signals' energy
dependence. For long lifetimes, however, simple slope fitting can be done in the usual way.
The centroid shift analysis technique is too involved to be covered here in any detail, see Ref.
[20] for a thorough discussion. However, a few important points are mentioned to illustrate
the method:

• The normal technique of just subtracting a background spectrum to correct for the
background under a peak cannot be applied. This is due to the different timing
properties for events in the background under the BaF2 spectrum peaks and events
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Fig. 6 The walk curve for the last OSIRIS "fast-timing" experiment on the l32Sb, L32Sn, and
l34Te nuclei discussed in this thesis. An example of a prompt fast-TAC spectrum is inserted.

belonging to the actual peaks. I.e., gates have to be set in such a way as to virtually
eliminate the background under the peak. If this is not possible, special formulas
have to be used which shift the peak's centroid according to the background's
centroid and intensity. It is necessary to ensure that the background is as pure as
possible, I.e. it should not consist of Comptons from y rays with different £y due
to the different time responses then encountered.

• The shape of the walk curve is found to be constant (for a given experimental rig
with fixed settings). However the horizontal position will vary subject to
experimental conditions and electronic drift. Thus, even if the shape of the walk
curve is known, for each experiment the position of the walk curve needs to be
determined. This may be done by using known (or assumed) prompt transitions in
the decay under study: The "height" of the walk curve is adjusted to coincide with
the prompt peak position(s).

Special software developed by Mach is used for the fast-timing analysis. The software
seeks to automate as much as possible the necessary analysis. This is necessary due to the
number of spectra involved, cases with more then 1500 spectra have been encountered.

In summary, the fast timing Pyy(t) triple coincidence method provides very valuable
results, but great care must be taken during experiments and analysis.
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2.4 Measurement of yy(0) angular correlations

Normally, samples of nuclei are randomly oriented in space. Thus, no angular dependence
on the intensity of the emitted radiation is observed. However, if all the nuclei's spin vectors
are kept fixed in the same direction, the emitted radiation's intensity depends on the angle
between the spin vectors and the detector axis. This angular dependence may be explained
by the electric and magnetic interaction responsible for y-ray emission [23]. The
corresponding operators are expanded with respect to the spin and parity change. Thus, at
most a few terms in the expansion series are retained for a given transition. The terms are
characterized according to multipole order X, the amount of spin carried away. It turns out
that each term has its own unique radiation pattern. Accordingly, if we measure the radiation
pattern, or angular distribution, we can identify the multipole operator driving the transition.
If more than one term is allowed by the spin selection rules, mixing occurs of the distinct
angular distribution patterns. But since transition probability strongly decreases with
increasing X's, only the lowest possible multipole order is usually observed. However, there
are two types of competing interactions, electric (E) and magnetic (M). Thus, when possible,
we generally observe a mixture of EXe and M \ , radiation, where Xe = ^ ± 1 due to
spin/parity selection rules. We then define the multipole mixing ratio 8 as the ratio between
the involved reduced matrix elements:

8 = W " ^ (9)
01* l^

where X' = X+\. I.e. the matrix element with the highest multipole order is always the
nominator.

One method of obtaining nuclei with fixed orientation in space is the application of a
strong electric or magnetic field at low temperatures (mK range). Alternatively, if two y rays
in cascade are measured in coincidence, then the direction of the first can be used as
alignment reference. Such measurement of yy(0) coincidence angular correlations is an old,
well proven technique in nuclear spectroscopy. One description of an implementation of this
method, similar to the one used in this work, can be found in Ref. [24].

In summary, multipole mixing ratios and spins may be deduced from measured yy(0)
angular correlations. Additionally, if the polarization of the y-rays is measured as well, the
parity change in a transition may be inferred. However, this was not done in the current
experiments.

In this work programs developed by Jerrestam [25] were used to analyse the measured
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yy(G) angular correlations. These programs calculate the mixing ratio directly instead of the
A22 and A,̂  parameters in the usual correlation function [26]:

W(0) = 1 + A^cos^ + ̂ c o s ' e (10)

The A22 and A^ parameters are only useful in experiments with very good statistics. When
this is not the case, all obtainable physical information is given by the mixing ratio.

To perform yy(O) correlation experiments within a reasonable time, multi-detector set-ups
must be used. This complicates the analysing procedure, since the different detectors
employed will have different efficiencies. The different detector efficiencies then have to be
accounted for. In this work two methods were used:

• The efficiencies were evaluated for each detector and then fed to the fitting program.
• The fitting program also fitted the efficiencies. This is possible in experiments

involving four or more detectors; the number of relationships provides enough degree
of freedom to facilitate this.

No discrepancies between the two approaches were observed and both methods therefore
appear to be reliable. The strategy used to deduce level spin and transition mixing ratios from
the angular correlation measurements is discussed in Paper V and VI and will not be repeated
here. In Paper VI several examples may be seen of evaluated cascades.



Chapter 3 The studied nuclear regions

3.1 The "^As nuclei (Papers I-III)

The "'''As nuclei are close to the N=50 shell, having one and two additional neutrons,
respectively. MAs decays to the closed neutron shell even-even MSe. Its excited levels are
expected to be neutron particle-hole (p-h) states, excited proton states or collective states. 85Se
has one neutron outside the MSe closed neutron shell, thus rather pure low lying neutron
single quasi-particle (sqp) states are expected. The experiments reported in Papers I-in aimed
at obtaining detailed information about the level structure of 8485Se. Furthermore, identification
of predicted so called "intruder states" in 85Se was a possibility, although expected at a rather
high energy (see discussion in Paper I). Intruder states denote collective levels of more
complex character than the "simple" shell model states expected around closed shells. They
have attracted considerable attention and are reasonably well understood theoretically through
the work of e.g. Heyde et al. [27], although work remains to be carried out in order to
improve the theoretical models. The work in Paper I did not identify any intruder states, but
may serve as basis for further efforts in this
direction.

Due to the lack of information from
more sophisticated experiments, e.g. fast-
timing or angular correlation experiments,
spin and parity could only be assigned to a
few of the lowest excited levels in the Se
nuclei. (As mentioned before, measurement
of the 462 keV level lifetime in 85Se was

attempted, but without success.) The spin "'" '" ''" Energy(MeV)
and parity assignments were done on basis
of model predictions and by following the Fig. 7 The (J-strength function for MAs (this
more or less smooth structure in the low- figure replaces Fig. 4 in Paper II).
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lying levels shown by the N=50 and 51 isotones (Figs. 3 in Papers I and II).
Besides revealing some of the detailed structure in the Mi85Se nuclei for the first time, the

experiments produced the P-strength functions for the corresponding M-85As decays. These
functions are not only interesting in the nuclear structure context, but have applications in
other areas too, e.g. astrophysical modelling of the r-process, theoretical mass calculations,
decay heat calculations for reactor and spent fuel storage technologies, etc. A recent
measurement of the Qp value, equal to 7.2 (2) MeV, by Gill [28] and a compilation by
Rudstam et al. [29] shows that the earlier value, 9.9 (3) MeV, extrapolated by Wapstra et al.
[30] and used by us, was wrong. Therefore the Paper II log ft values and the p-strength
function had to be recalculated. The new values appear in Table 1 and Fig. 7, respectively.

Level (keV):

0.00
1454.60
2121.50
2461.50
2699.60
2984.70
3023.10
3069.80
3126.00
3232.30
3297.70
3370.50
3408.60
3439.30
3541.20
3548.10
3871.90

Ip(%):
5.000

26.935
10.987
6.578
10.045
2.045
1.769
0.471
0.800
2.133
1.182
1.778
1.209
2.418
5.067
0.649
2.018

log./?:

6.74
5.57
5.71
5.80
5.52
6.09
6.13
6.69
6.43
5.95
6.17
5.96
6.11
5.79
5.42
6.31
5.64

Level (keV):

3985.10
4082.00
4116.30
4282.50
4445.00
5161.00
5221.90
5596.10
5637.40
5661.60
5869.50
5890.00
6020.50
6249.40
6400.20
6541.40
6604.40

T (Of \«
Lay /O ).

0.267
0.436
1.431
4.711
0.516
2.133
1.476
1.316
0.409
0.436
1.120
0.418
1.867
1.031
1.351
0.680
0.890

log./?:

6.46
6.18
5.65
5.02
5.88
4.71
4.81
4.50
4.96
4.91
4.26
4.67
3.82
3.23
6.71
6.95
6.81

Table 1 The p-intensities and log ft values for MAs (Paper II), calculated with the new Qp

= 7.2 MeV. These values replace the values given in Fig. 2 in Paper EL
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3.2 The 132Sn region (Papers IV-VII)

The 132Sn doubly closed shell (DCS) region in many ways provides an exciting new testing
ground for the shell model. The scarcity of DCS regions among the medium heavy and heavy
masses above the 56Ni region limits the extent to which the shell model may be tested (in Fig.
2 it can be seen that the 208Pb region is the only other DCS region near stability). The 132Sn
region is within experimental reach and has been heavily investigated, particularly at OSIRIS.
The 78Ni and 100Sn regions have been outside experimental reach, but recent advances in
heavy ion reactions have put the l00Sn region just inside experimental reach. Even the 100Sn
DCS nucleus itself has been produced, but the yield is at present far too low to allow any
spectroscopic investigation of its structure [31].

The 132Sn region experiments have attracted considerable interest and progress reports were
given at a number of conferences [32-36].

The exceptional stiffness of the 132Sn core - the first excited level in l32Sn is at 4.0 MeV -
furthermore promises that the shell model states in the surrounding nuclei should be rather
pure. Thus, the l32Sn region are particularly suited as testing ground for shell model theories.
No other nucleus except 16O has

a higher first excited level than First excited Scaled by D . , „ ,
132Sn. In fact, 132Sn has the Nucleus: , e v e , ( k e V ) . A-i* ( .10S ) : Ratio (%):
strongest shell closure of any
observed nucleus if we scale the
excitation energy according to
A""3 (this compensates for the
size difference) [33]. See Table
2 for a comparison with the
stiffness of the other known
DCS nuclei. Data for 16O, ^Ca,
48Ca, 56Ni, and 208Pb were taken T a b l e 2 The "stiffness" of DCS nuclei.
from Ref. [34].

The core's resistance to deformation is another, closely related, aspect to study in the 132Sn
region. It may be studied by locating levels of mainly vibrational nature: Vibrations represents
dynamical deformations of the nucleus. Thus, energy is needed to deform a DCS nucleus and
is a measure of its deformability, i.e. a "stiff' DCS nucleus has high-energy vibrational-type
levels. The lowest levels of this type are expected to be 3" octupole vibrational states [35].
Thus, in this context it is interesting to study the difference between the 208Pb and I32Sn DCS
regions in octupole behaviour. It has been shown by Blomqvist [37] and later by Leander et

1DQ

"ta
4 8Ca
5«Ni
78Ni
100Sn
132Sn
2O8pb

6049
3736
3832
2701

4041
2615

15.2
12.8
13.9
10.3

20.6
15.5

74
62
67
50

100
75
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al. [40] that every (n, I, j) single-particle state in the 132Sn region has a corresponding (n, l+l,
j+1) state in 2O8Pb, with corresponding ordering and energy spacing. The present experiments
on 134Te verify this similarity. A comparison between 134Te and 210Po (Fig. 2 in Paper VII)
shows a one-to-one agreement between the lg7/2

2, lg7/22d5/2, and igm^im 134Te configuration
states and their 210Po counterparts. In spite of this similarity, the negative-parity collective
states in 132Sn are relatively much higher than in 2O8Pb. Thus the octupole properties of the
two regions might not be so similar. This was also noted by Blomqvist [39]: The octupole
vibrational modes in 132Sn and ^Pb are very different. Papers IV and VII are mainly
concerned with discussing this octupole collectivity in the 132Sn DCS region. It should be
noted that this is the first time it has been possible to compare the octupole collectivity of two
heavy DCS regions. Paper VII confirms the theoretical predictions that the B(E3) rates are
substantially lower in the region of l32Sn than near 208Pb, illustrating a higher stiffness in the
former. The quadrupole properties, on the other hand, are rather similar: The E2 effective
charges for the two regions are essentially equal. (The E2 and E3 effective charges quantify
the respective quadrupole and octupole properties of a DCS nucleus. See Paper VI for details.)

Isakov and Erokhina have calculated the expected properties of selected nuclei in the l32Sn
region within the random phase approximation (RPA) framework for the even-even nuclei and
with the quasi-boson approximation for the odd-odd 132Sb nucleus [41,42]. In both cases they
used parameters adopted from work in the 208Pb region. The impressive agreement between
their calculated values and the experimental work in Paper V and VI manifest the adequacy
of the theoretical models. Thus, the present work in the 132Sn region confirms that the
effective interaction in the 132Sn region is essentially equal to the effective interaction in the
208Pb region.



Chapter 4 Development of analysing tools

Quite a lot of programs and algorithms for analysing and handling nuclear spectroscopy
data existed when work started on this thesis (in 1989). However, most of it was cumbersome
to use or run on hardware not readily available at the department in Oslo. In particular, the
program interfaces were obsolete compared with the easy to use Graphical User Interfaces
(GUIs) which were becoming widely available during the late 1980's1. It was therefore
decided to develop new programs adopted to the new "Windows" [43] GUI based PC
environment. The limited graphical capabilities (some even used text-based graphics!) and the
Fortran and mainframe origin of most packages were regarded as too great obstacles to
warrant recoding for a modern GUI based platform for the following reasons:

• Our software should run on Intel 80x86 based PCs. The mainframe origin of most
available programs made adaption difficult.

• Fortran was not the preferred programming language. The release of the very fast
and easy to use Borland Turbo Pascal compiler for Windows (TPW) [44], including
a large object oriented library for making Windows programs, excluded Fortran
based code.

• No program was available which used the object oriented approach. The TPW library
is object based. Converting traditional Fortran code to modern object oriented code
was not practical.

• Making the user interface efficient and intuitive to use consumes the larger part of
program development for most GUI based programs. The data manipulating parts are
usually less time consuming. This holds true even for the TPW object oriented
approach: A large part of the necessary code for interacting with the user through the
Windows GUI is already written and hidden inside the TPW objects. This facilitates
large savings of time in writing the user interface.

Another argument for making new programs was the fact that the data manipulation is rather
simple. Even resolving overlapping peaks in a y-ray spectrum is not very difficult and

Typical examples of such GUIs are the Microsoft Windows interface for Intel based PCs and the operating
system for the Apple Macintosh. Today, most computer interfaces are written with a GUI on top. The
graphical user interface were pioneered by the XEROX corporation at the beginning of the 80's.
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excellent algorithms exist to handle such tasks [45]. A further very important consideration
was the fact that with self-written code it should be fairly quick to adopt the code to slightly
different situations and to incorporate special features.

The remainder of this chapter will briefly describe some of the algorithms and programs
that were developed. It is not intended as an extensive user manual or programmers reference,
as this would be outside the scope of this thesis.

4.1 An object for displaying and analysing spectra

In Windows1 users interact with programs, or "applications", in virtual windows, i.e.
sections of the screen. Those windows are shaped according to the needs of the programs, and
the programs may use as many windows as they need (within memory restrictions). The
GUI's ability to "overlap" and hide windows and quickly switch between them ensures easy
switching between different parts of a program and even between programs. Most programs
have a primary or "main" window with a menu bar, from which the most common program
commands may be selected. It is the programmers responsibility to ensure that the program's
windows are easy and intuitive to use. Furthermore it must be ensured that the program
interfaces correctly with the Windows system. Traditionally, this was no easy task: The large
number of different notification messages, sent to a program in response to user inputs,
excluded most "amateur" programmers from writing windows applications. However, the
object oriented approach taken by Borland allowed even novice programmers to develop
Windows programs since most of the necessary but difficult notification message handling
is hidden in the TPW objects. Starting with the TPW basic windows object (which displays
as just an empty window), the programmer's efforts could be spent on adding wanted
features, ignoring all the involved but necessary code to establish the basic window interface.
More information is found in the "Windows Programming Guide" delivered with the TPW
program [44] and e.g. Petzold's book on writing programs for Windows [46].

In line with the object oriented approach, a "Spectrum Windows Object" (SWO) was
created which incorporated all the necessary functions to display and analyse spectra. The
main features of this SWO are:

To avoid ambiguities between references to screen windows and the Microsoft Windows system, it should
be noted that "Windows" with a capital "W" always refers to the Microsoft Windows system and that
"windows" without a capital "w" refers to screen windows.
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• The number of channels displayed and the vertical resolution (in logarithmic or linear
scale) in the window may be chosen freely.

• A marker to inspect individual channels and to mark Regions Of Interest (ROI) is
included.

• The way the spectrum is drawn (i.e. as a histogram or with straight lines between
points representing the number of counts in each channel, the colour for the
spectrum, ROI, and peaks, areas filled with colours or not, etc.) may be freely
selected and controlled.

• A peak-fit algorithm is included which can handle up to eight peaks in the same
ROI. The peak-fit algorithm can use calibrations for the FWHM (Full Width at Half
Maximum) of the peak and step height in the background below the peak when
fitting, and can report the fitted peak positions in energy and areas corrected for
detector efficiency.

• The fitted peaks may be matched against a library of y rays to identify sources and
compare activities.

• Loading and saving of spectra, including ROI and spectrum information.
• Importing and exporting from/to foreign spectrum file formats.
• A single command plots the displayed part of a spectrum.

Building on this object, the volume of work of writing programs which incorporates spectrum
viewing and analysis was much reduced. A suite of programs were developed to handle the
most common analysis needs encountered during this work, using the SWO. They are
described below. A very convenient feature of the approach is that modifications to the basic
SWO, e.g. an improved feature or a "bug" fix, usually will be available for all programs using
the SWO just by recompilation. Furthermore, the available SWO makes it possible to quickly
develop tailored programs to handle unexpected or special analysis needs in the most
convenient manner.

4.2 Tools for ordinary spectrum analysis

Volund is a program for the "ordinary" spectrum analysis, written using the SWO. Volund
was developed in parallel with the SWO and the features of its earlier versions were inherited
from a DOS based program developed by the author for his Masters Degree (Cand.Scient)
[47]. Volund handles all routine analysis expected from a y-ray analysis program and presents
menus and windows or "dialogue boxes" to the user where the different features of the SWO
may be controlled or executed. In addition to the mentioned y-ray analysis tools of the SWO,
Volund also incorporates tools to:
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• Add or subtract spectra. If necessary different energy calibrations and/or life-time
ratios may be adjusted for.

• Compare spectra. Volund can display as many spectra as memory and screen size
allows. The user may quickly switch between spectra without having to reload from
disk all the time.

• "Edit" spectra. I.e. compress, remove single peaks, smooth or "repair" channels. To
"repair" a channel is necessary if the software which generated the original spectrum
has limited the counts in each channel to 65535 (a boundary imposed by using two-
byte integers). Channels with more counts will then lack a multiple of 65536 counts,
Volund tries to fix this by adding 65536 counts to a channel. Needless to say, this
type of spectrum manipulation must be used with caution.

Volund has been in use for a long time, thus most of the inevitable bugs and hitches have
been discovered and removed.

SComp (Spectrum Comparison) is another simple program which was developed from the
SWO. This program loads up to eight spectra, normally consecutive spectra from a MSS
(Multi Spectrum Scaling) experiment, and present three spectra to the user. The first two will
appear in the same window while the third appears in a separate window. Each of the three
displayed spectra may be generated by adding or subtracting any one of the eight loaded
spectra. Furthermore, this may be done "at the touch of a button": For each displayed
spectrum buttons are presented for adding and subtracting each of the loaded spectra. The user
may thereby analyse MSS data in a quick and convenient way, concentrating on the analysis
without the need for generating and then loading all sorts of possible addition/subtraction
spectra from disk. Usually the first displayed spectrum will be used to display e.g. the sum
of the first two MSS spectra, the second one for the sum of the two last ones. Peaks not
present in the second spectrum will have short lifetimes, peaks remaining will have long ones.
The third spectrum is normally used to display the difference between the two that were
displayed first (the sum of the two last MSS spectra subtracted from the sum of the two first).
This produces a spectrum free from long lived activity. An example of this is presented in
Fig. 8, for which the data were taken from the I34Sb high-spin decay studied for this thesis
(Paper VI). Of course other schemes than the addition/subtracting mentioned may be used.
The objective of SComp is to facilitate fast, convenient, and easy switching between different
schemes.
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Fig. 8 A screen "shot" of the Multi Spectrum Analysing program SComp.

4.3 Tools for analysing coincidence data (Paper VIII)

Analysing relationships between y rays from the same nuclear event (coincidence event
data1) demands special analysing tools. Unlike y-ray spectra, i.e. an array of counts ordered
according to increasing energy, coincidence data come in a wide variety of packages. This
is not only due to the different binary storage formats, but is mostly because of the many
ways in which coincidence data are generated. If we consider a three detector set-up with a
TAC (Time to Analog Qmverter), the data stream of coincidence events may be packed in
many different ways. E.g., within each coincidence package we may have a fixed position for
the TAC and the three detectors or we may store the data in the order in which we receive

If two or more detectors triggers simultaneously, i.e. within about 50 ns, it is likely they have detected
radiation from the same nuclear event. Thus, data received from the detectors within a small amount of
time (usually a few (is) is grouped together and called "coincidence event data". If a TAC is employed to
measure the time between the detector events, then this information is included as well (in the coincidence
event data package).
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them from the ADCs (this will, among other things, depend on which way and in what order
the detectors trigger). In the last case one must introduce a separator in the data stream to
separate different coincidence events. At OSIRIS a "false ADC" is usually employed to
generate the separators. The false ADC is triggered by the gate pulse controlling the ADCs
and will send a data event to the acquisition system identified with a unique "ADC" number.
Thus, each coincidence data event package will be lead by the false ADC data event. Other
schemes are also possible, and the complexity and variety increases with the number of
parameters measured. For this reason most spectroscopy groups (and even individual
spectroscopists) chose to develop their own coincidence data analysing software, tailored to
the experimental set-ups used.

A wide variety of analysing tools were developed and used during this work. Here, only
the final and most useful ones will be discussed. Generally, we can divide coincidence
analysis tools in two broad categories: Tools projecting "gated" spectra on basis of certain
conditions, and tools projecting all or a subset of the data into matrixes. Since coincidence
event data are stored as a continues data stream, they are often referred to as "list mode" data.
(Sorting the ADCs event stream directly into corresponding spectra is usually referred to as
Multi Channel Analyser (MCA) mode.)

4.3.1 "Ordinary" projections of gated spectra from list mode data

When the coincidence data have been saved they may be read by an analysing program;
in essence the experiment is performed over and over again and may be analysed in all sort
of ways according to a chosen set of parameters (referred to as "gates"). Most commonly, yy
coincidences are sought between all possible detector combinations. Thus, gates have to be
set on a range of channels (corresponding to the energy of the gated y rays) in each detector.
The coincidence data are then read and each coincidence event is compared to the gates. The
individual events (corresponding to the ADC "words" carrying the pulse height information)
may be divided in two groups: Group A consists of ADC events with a gate on it, group B
with ADC events without. If all the group A ADC events matches the gate, then the sorting
program will update the gated spectra for each of the group B ADCs. The gate may be
regarded as a "filter" which will let group B through if group A matches the gate. Otherwise
the coincidence event will be discarded (with respect to the considered gate). This is
illustrated in Fig. 9.

By analysing the projected spectra we may evaluate the coincidence intensities between
the y rays in question for all detector combinations, not forgetting that a coincidence between
7, and y2 may be detected either as 7, in detector X and 72 in detector Y or vice versa. In
most cases one would also want to gate the TAC to limit random coincidences. A program,
CCBrowse (Coincidence data Browser) was developed for this type of projections or
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"List mode"
data stream: Sep.

Sort according to
ADC 1 ("Group A"):

ADC 2 spectrum
(ch. 1067 increased by 1)

ADC1
341

ADC 2
1067

ADC 3
571

Sep. ADC1
453

One coincidence event

Filter: E.g. only accept if
330 < ADC 1 < 360

ADC 2
1067

ADC 3
571

Increase count in
ADC 2 and 3 ("group B")

channels
ADC 3 spectrum

(ch.571 increased by 1)

Fig. 9 Example of how gated spectra are projected from coincidence data.

"sortings". It uses a specially developed object reading list mode data in the format used at
OSIRIS. This object is used in the same way as the SWO by the spectrum analysing software,
i.e. most of the list mode "sorting" programs are built upon it. This is convenient and time
efficient when new gating schemes have to be employed. CCBrowse allows a range of
different gates on different ADCs to be set simultaneously. This is necessary since one
sorting, or "replay" of the experiment, may take many hours. The program incorporates the
SWO in order to set gates and to work with and view the projected spectra. The spectra
displayed may be continuously updated during sorting, i.e. the gates may be checked before
the sorting finishes. This prevents fruitless sortings with erroneous gates.

In cases where the detector relationships are of no importance, it is unnecessarily time
consuming when each detector pair has to be analysed separately. E.g. 10 different detector
combinations are possible in a five detector set-up, and in each case y, may be detected in
either detector X or Y. This gives a total of 20 projected spectra to be analysed when in
essence only the sum of all the spectra is of interest. This waste of time and work may be
eliminated if the coincidence data stream is first energy calibrated, the ADC labelling
removed, then gated and projected. Each data pair should be used twice: The first time gating
on y, and the second time gating on y2. The detector resolution must be about equal for this
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approach to work accurately, otherwise the gates on the most narrow peaks will be to wide
or that the "wings" of the broadest peaks will be "cut". A separate program implementing this
sort of gating was written, CCBEgy (Coincidence data Browser, Energv_ calibrated). Its use
is similar to that of CCBrowse. A possibility to set gates on the TAC is incorporated.

4.3.2 The matrix analysis approach, Yggdrasil

For complex analysis of experiments yielding large volumes of data, the many sorting-runs
are very time consuming. Additionally, some of the information content in the original data
will be lost in the projections, since all the gated channels are added for each of the channels
in the projected spectrum. I.e. it is assumed that all the peaks seen in the gate are within the
gate limits, and that neighbouring peaks are outside. Obviously this needs not be true. Two
close y rays may be in coincidences with different y rays, thus creating false peaks in the
projected spectra. Such cases may be very difficult to analyse using the projection-of-gated-

10000

8000 -

« 6000 -

o 4000 -
O

2000 -

0 —

"Gated" spectrum

40 -

•.•^coincidence matrix

Gate limits

10 20 30

Detector #1 channels

40 50

Fig. 10 Example of close coincidence peaks which might have been erroneous analysed in
the conventional "gated" projection spectra.
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spectra approach. This is exemplified in Fig. 10. To resolve the problems mentioned above
(long sorting times and degradation of the data) the list mode data may be projected into a
two-dimensional matrix. Each element in the matrix represents the number of coincidences
between channel i and j in the respective detectors. By inspecting the matrix with suitable
software we may seek out the coincidence peaks directly and estimate their centroid position.
Overlapping peaks and "false" peaks in projected gated spectra will in most cases be clearly
separated in a matrix.

The size of the projected matrixes is a problem with the matrix analysis approach: Most
ADCs employed for nuclear spectroscopy uses 13 bit data buses, resulting in 8192 channel
spectra. A matrix to represent all possible coincidence relations between two such ADCs will
need 128 Mbyte of storage space (if each element is represented with two-byte integers). Such
matrix sizes have limited the matrix analysis approach to large computers with huge hard
disks and memories. However, the rapid development of the computer has facilitated the
employment of the matrix analysis approach even on an ordinary "Personal Computer" (PC).
It is now possible to combine the advantages of the matrix analysis approach with the
handiness of the cheap and small modern PC.

The program Yggdrasil was developed towards the end of the present work, utilizing the
matrix analysis approach for yy-coincidence analysis. Yggdrasil is described in Paper VIII,
in which a more thorough discussion of the matrix analysis approach may also be found.

In its current version Yggdrasil must be regarded as an experimental, but working program.
Further work is needed to enhance the ease of use and improve the accuracy. Although
Yggdrasil is in its early stages of development, it was successfully applied for the analysis
of the 134Sb decay in the current work. Several important, but very weak, coincidences would
most likely have gone undetected if Yggdrasil had not been available.

4.4 Working with and plotting level schemes

Complex level schemes, like the ones encountered in the work for this thesis, are not easily
drawn and edited with ordinary drawing tools (computerized or not). Therefore some sort of
"database" program is needed to keep track of all the observed relationships between the y
rays, their intensities and the levels which they deexcites, etc. And it should be able to output
all this information in graphical form, i.e. as a level scheme. This should be possible with a
minimum of user input, but without restraining user control of the level scheme. Furthermore
the program should output relevant lists of y rays, levels, intensities, etc.. This will cover the
basic needs when building a new level scheme. Since the program now holds all data known
about the decay under study, it is tempting to include some of the searching and checking
involved in placing new transitions and levels in the level scheme. E.g. checking for single
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escape (SE) or double escape (DE) peaks is a very tedious and error prone process which
could be easily carried out on the computer. Another example, easily performed by a
computer program, is the checking of the energy differences between all the different levels
which match a given y-ray energy. More elaborate tasks, such as checking for misplaced y
rays, e.g. with respect to observed coincidence relations, and even suggestion of y ray
placement in the level scheme on behalf of these relations, should be possible. In summary,
much of the time consuming routine work of constructing level schemes may be removed by
a properly tailored computer program. Furthermore, the possibility of trivial errors should be
reduced, e.g. the program will not "overlook" transitions with impossible coincidence
relations, etc.. By importing tables, generated by the level scheme program, directly into
manuscripts, the risk of typing errors is also eliminated.

The available time for the current work was too short to develop a comprehensive program
with all the capabilities mentioned above, but a limited program (Balder) incorporating the
most basic tasks was written. This program was used, in its various development stages, to
construct most of the level schemes included in this thesis. Based on entered y-ray intensities,
direct g.s. feeding and delayed neutron intensity, it will calculate the P feeding to all levels,
the corresponding log ft values, and the p-strength function (using the formula of Duke et al.
[48]). Balder also creates a list of possible SE and DE y rays, a list of possible combinations
of y rays which add up to a third, and it will warn against y rays which do not "hit" any
levels, etc.. Balder has proved to be a valuable and time saving tool which will certainly be
further developed.
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Quite a lot of new information on neutron rich nuclei far from stability have been
established in the present work. Detailed level schemes were constructed for the studied
nuclei. Prior to this work, hardly any of the details of the level structure of these nuclei were
known. Included in this thesis is also the first measurement of a B(E3) transition rate in the
132Sn region. This measurement provides the first confirmation of the theoretical predictions
that the B(E3) rates are substantially lower in the region of 132Sn than near 208Pb. Furthermore,
the E2 and E3 effective charges deduced from transitions in I34Te can be applied to
calculation of nuclear properties of other 132Sn region nuclei. Thus, properties pertinent to the
whole 132Sn region have been provided.

The experimental results were also compared with the theoretical calculations by Isakov
and Erokhina. This confirms that the level structure, including configuration mixing and
splitting, of nuclei around !32Sn can be predicted accurately with parameters defined from their
earlier calculations on nuclei close to 208Pb and 146Gd.

It can therefore be concluded that the objective of providing significant new data on
nuclear structure of short lived nuclei near closed shells was fulfilled.

Regarding the developed software, it may be concluded that the PC based tools for
analysing data from nuclear experiments have worked very well. Particularly Yggdrasil has
shown that even programs handling very large data structures can be accommodated on
ordinary "personal" computers. Furthermore, it was shown that there is scope for large
improvements in the way yy-coincidence data are analysed. The development of user-friendly
analysing programs, i.e. programs emphasising easy and safe handling of experimental data,
has led to quicker and less error prone data handling and analysis. Based on experiences from
this work, the programs will be developed further.

The evolution of the experiments in this thesis reflects the current trend in nuclear
spectroscopy of increasingly more complex and sophisticated experimental set-ups. In the
1980's one could obtain interesting results with a couple of Ge-detectors. In the future it
seems that one either need to provide exotic beams, i.e. radioactive beams, to produce nuclei
very far from stability or use sophisticated experimental set-ups to make detailed studies of
conventionally produced nuclei. This is only to be expected, since most of the interesting
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nuclei within reach of "ordinary" experiments have already been studied. In order to develop
a better understanding of the physics involved in modelling the nuclear landscape, both
approaches (more detailed study of "known" nuclei and production of even more "exotic"
ones) probably have to be followed.

With reference to the limited yields of most of the nuclei studied (with the exception of
134Sb) it can be noted that the OSIRIS combined target and ion-source technology will be used
in the proposed PIAFE project at Grenoble, France [8]. This should produce a beam intensity
about 100 times larger than currently available at OSIRIS. In addition, the high resolution
magnet available at Grenoble will partly offer isobaric separation. It is projected that PIAFE,
for the first time, will enable comparatively detailed studies of the DCS 78Ni region.

The very neutron rich nuclei are also available from some of the accelerator facilities, e.g.
PSB-ISOLDE facility at CERN. Beams from such facilities, although of greater intensity than
the OSIRIS beam, are usually heavily contaminated. However, excellent experiments are
possible even with these highly contaminated beams. A recent experiment to study 133Sn,
populated in delayed neutron emission from I34In, is an example of this [49].
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The decay of isotope-separated 85As has been studied
for the first time by means of y-ray spectroscopy. A level
scheme for 85Se has been constructed on the basis of
yy-coincidence measurements. Spin and parity were then
assigned to the lowest excited levels. Two levels, weakly
populated in 84Se after emission of delayed neutrons,
were also identified. The results obtained here differ con-
siderably from previously reported experiments with
chemically separated sources.

PACS: 23.20.Lv; 25.85.Ec

1. Introduction

The low energy levels of odd mass valence nuclei, differ-
ing by one particle from a filled shell, provide the basic
information on the systematics of single quasi-particle
energies. Some of these nuclei also exhibit very low-lying
levels of more complex origin (often denoted "intruder
states"), a feature which now appears to be reasonably
well understood theoretically through the work of Heyde
etal. [1].

The present work describes the first study of the low-
lying levels of 85Se, which is an odd-neutron valence
nucleus having a substantial neutron excess. At present,
the levels of 85Se can only be populated in the decay
of 85As. The investigation of this decay was initiated
to establish the main features of the level scheme of 85Se
through simple measurements of y-rays and y'/-coinci-
dences. The data are intended to serve as a basis for
more elaborate experiments, among them a search for
possible intruder states.

235U, was irradiated by thermal neutrons from the R2-0
reactor. The ion source was operated in plasma mode
at 2300 °C. After mass-separation, the mass 85 isobars
were collected on an Al-coated mylar tape, used to rapid-
ly transport the sources to a shielded counting position.
The beam intensity of more than 10" atoms/s of 85As
was sufficient for relatively detailed spectroscopy.

The y-ray spectroscopy was performed with Ge-detec-
tors of about 80 cm3 volume (3sl6% relative efficiency)
for collection of both singles and yy-coincidence data.
All singles measurements were made as multi-spectrum
scaling (MSS) experiments, where several time sequential
spectra were recorded after the collection of a fresh sam-
ple. In addition to 85As, the collected samples contained
small amounts of 85Ge and a relatively strong activity
of 85Se. The identification of lines due to 85As was trivial
because of the very different half lives of these nuclides.
No disturbing activities from adjacent isobars or possible
molecular ions were found. In particular, we made a
search for y-rays following the decay of 84As which are
well known from a parallel study [4], The only 4 = 84
y-rays observed were found to be due to delayed neutron
emission of the .4 = 85 isobars. We did not attempt to
do an accurate measurement of the half life (2.03 s) of
85As, as it is more accurately known from delayed neu-
tron measurements [5].

The coincidence measurements were performed in a
180° counting configuration. In the analysis of the coinci-
dence data, all y-rays found to have an intensity exceed-
ing the detection limit of the coincidence experiments
were used as coincidence gates. The results of the •/-
singles and the coincidence measurements are given in
Table 1. An example of a y-ray spectrum obtained as
the first group in a MSS run is shown in Fig. 1.

2. Experimental technique

The 85As activity was obtained as a mass-separated fis-
sion product at the OSIRIS facility [2] in Studsvik. The
new bi-mode ion source [3], containing about 1.0 g of

3. Results and discussion

Some y-rays following the decay of 85As have been sug-
gested by J.V. Kratz et al. [6] and by K.-L. Krate et al.
[7]. Except for the 461.9 keV y-ray, none of the data
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Table 1. '/-transitions and y /-coincidence relations following the
decay of 8 !As

Transition
energy (keV)"

147.6
156.5
322.0
329.4
461.9
527.8
545.8
667.0
875.1
982.5

1114.9

1148.2
1336.0
1437.6
1444.0

1454.6
1541.5
1615.1
1621.5
1635.2
1804.8
2003.4
2145.7
2646.8
2774.6
2838.9
3060.5
3191.0
3264.9
3594.0
4049.7
4282.9
4291.2
4368.9
4498.1
4557.4
4560.3
4636.0
4653.9
4708.9
4792.1
5164.6

10
10
7
3
4

10
5

10
3
5
2

3
5

10
10

10
4
7
3
3
3
5
5

10
3
5

10
6
3
5
2
5
4
3
5
4
4

6
4
4
5

Relative
intensity

1.0
<1.0

3.0
6.0

15.1
<1.0

3.0
6.7
5.0
4.0

5
5
5
6

15
5
5
7"
5
5

100.0 100

1.0
3.0

18.7
43.1

93.5
1.0
2.0

13.1
1.0

39.7
3.0
3.0

<2.0
8.0

14.6
5.0
4.0
5.0
2.0

15.9
8.0
6.0

13.7
2.0
3.0
4.0
7.0
5.0
2.0
2.0
5.0

5
5

19
43

94 '
5
5

13
5

40
5
5
5
8

15
5
5
5
5

16
8
6

14
5
5
5
7
5
5
5
5

Coincidence relations'1

982.5

147.6
461.9
322.0

1336.6
461.9

none
3060.5

545.8
3191.0

1437.6

none
none

1114.9

none

none
none

none

none
none

1541.5

156.5

329.4
3594.0
527.8

1615.1
3264.9

1114.9

875.1
4049.7

2774.6

' The uncertainties are given in units of the last digit. In our nota-
tion 147.6 10 equals to 147.6 ± 1.0 etc.
b Intensities in units of %jd are obtained by multiplication with
a factor of 0.0397, see text and [8]
' "None" denote transitions which did not show any significant
coincidence relations with other -/-rays
* Transitions in 84Se following neutron emission from high lying
levels of a!Se. The observed half-life agrees with that of 85As

reported by these authors could be reproduced by the
present work. This discrepancy is probably due to the
difficulty of identifying the very weak B5As lines among
the dominating 82~84As lines in chemically separated
sources. The decay scheme presented here, Fig. 2, is thus
based entirely on our results. Most of the y-rays have
been placed in the level scheme with aid of the coinci-

Energy (keV)

Fig. 1. A y-ray spectrum obtained for the A = 85 isobars as the
first group in a MSS run using a group dwell-time of 2 s. The
y-rays due to 85As appear relatively weakly in the spectrum because
about 90% of the 8 !As decays are not followed by photon emission.
A few of the 95As y-rays are indicated and labelled by the energies
in keV. See also Table 1

dence relations given in Table 1. A few strong transitions,
which are not in coincidence with others, have been
placed as transitions to the ground state.

The absolute intensities of the y-rays following the
decay of S5As have been measured recently [8] at
OSIRIS. These determinations were made through si-
multaneous measurements of /?- and y-rays, with an esti-
mated uncertainty of about 15% in the derived absolute
•/-ray intensities. The resulting normalization is given in
footnote 2 of Table 1. The same data could be used to
deduce [8] a value for the delayed neutron emission
probability of 85As, through the observation of a y-ray
following the decay of 8*As in the mass-separated A = 85
samples. The value obtained, of nearly 40%, is somewhat
higher than the value of about 23% reported previously
[9, 10].

When combining these results with the presently ob-
tained decay scheme information, one can deduce the
^-particle feeding of the 85Se ground state as about
50%/d. Using the Qf of 8.9 MeV given by Wapstra et al.
[11], the tables of Gove and Martin [12] yield a logft
value of 5.8 for the ground state transition. The strength
of the ground state transition is thus nearly two orders
of magnitude higher than for the decays of the analogous
odd-proton isotones 8"Br and 89Rb.

It is quite common to note that the transition rates
of first forbidden transitions increase strongly when ap-
proaching a closed or doubly closed shell, see e.g. [13].
In the present case, one can also expect that the nature
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Fig. 2. Energy levels of BSSe pop-
ulated in the decay of B5As, as
observed in the current work. See
the text and Table 1 regarding
the intensity normalization, the
derivation of log ft values, and
the spin assignments of the lowest
levels. Higher lying levels shown
here are expected to have a posi-
tive parity and a spin in the
range 3/2 to 7/2

of the ground state transition is different from the heavier
isotones mentioned above, because the ^-decaying state
of 85As is likely to be 5/2" rather than 3/2". The reason
for this is that the level systematics [13] of the N = 50
isotones seems to favor a 5/2 " ground state on the neu-
tron rich side, for the odd-proton nuclei with Z = 29-33.
The systematics are further corroborated by recent shell
model calculations [14] foe 83As, which suggest that the
/ S 2 proton states are the first to be filled for neutron
rich nuclei in this region. If we assume the ground state
of 85Se to consist of an odd ds,2 neutron and a complete
(/5;2)

6 proton shell, one could explain the fast ground
state /5-transition by the good overlap with an initial

85As state consisting of a pair of ds,2 neutrons and a
hole in the / 5 2 shell. The transition rate would probably
be strongly reduced if the protons of the initial state
were distributed among both the fS!2 and pi:2 orbitals.
We therefore assume the ground state of S5As and 85Se
to be/5,2 a nd ds;2, respectively.

The odd-neutron levels at N = 51, see Fig. 3, suggest
very strongly that the first excited state of 85Se should
be the s1;2 quasiparticle state. Our observed ^-particle
feeding of the level corresponds to a reasonable log ft
of 9.61" for this first forbidden unique transition.

The relatively strongly populated level at 1114.9 keV
may represent either the dZ:2 or g-r2 quasiparticle state.
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Fig. 3. The systematics oflow lying levels of the neutron rich .V = 51
isotones. The data shown here suggest strongly that the first excited
state of 85Se is of s( , character

The present data do not allow a distinction between
these possibilities.

From Fig. 3.26 of [1] it can be seen that the most
likely intruder state among the .V = 51 isotones has j*
= 9/2" and lies in the 2-3 MeV region. The feeding of
such a state, from 85As /?-decay, requires a first forbidden
(unique) /^-transition, implying that the state will be very
weakly populated. The present data are not detailed en-
ough to reveal any such intruder states, but will serve
as a basis for more detailed experiments to this purpose.

One of the y-decaying levels is situated more than
half a MeV over the neutron separation energy, given
as 4.5(1) MeV by Wapstra and coworkers [11]. The rela-
tive probabilities for y-ray or neutron decay have been
estimated by Raman et al. [15] in the case of 87Kr. It
is clear from Fig. 7 of [15] that --decay would be unlikely
for such a high lying 5/2" or 7/2" level, but it is not
excluded since even very high-lying levels may possess
very small neutron widths. It is also possible that the
high-lying level in fact is 7/2+ , fed by a fast first forbidden
transition, which would require g-wave rather than /-
wave neutron emission. A g-wave neutron transition is
sufficiently hindered by the centrifugal barrier to make
photon emission the most probable decay channel at
these energies.

The gross structure of the 8iAs decay is strongly in-
fluenced by shell effects. The low-lying levels of 85Se,
having simple configurations in terms of the neutron
quasiparticle states in the 50-85 shell and a positive par-
ity, cannot be populated by allowed ^-transitions. The
main part of the ^-strength is therefore pushed up to
energies corresponding to the neutron shell gap of some
4 MeV, where negative parity states having more com-
plex configurations become available. This lack of /?-
strength at low energies is the reason for the relatively
large delayed neutron emission probability of nearly
40% quoted earlier.

Our -/-ray spectra of 85As showed two weak transi-
tions in 84Se following neutron emission, see Table 1,
The total feeding of excited states in 84Se by neutron
transitions is less than 4%/d of 85As according to our

G
T

B

0 1.0 2.0 3.0 4.0 5.0

Excitation energy (MeV)
Fig. 4. An illustration of the ^-strength distribution in the decay
of 85As. Solid bars show the strength derived from the present
y-ray decay scheme. The contribution derived by us from the spec-
trum of delayed neutrons [7] is indicated by hatched bars. In the
interpretation of this latter spectrum we have assumed a negligible
population of excited states of 8*Se through neutron transitions.
See also the text

data, implying that about 90% of the neutron intensity
feeds the ground state. This observation is contrary to
the claims of [7, 9] that a major part of the neutron
transitions should populate excited states of 84Se. It also
implies that the ^-strength function derived by K.-L.
Kratz et al. [7] is incorrect. Although a discussion of
^-strength functions is outside the scope of the present
report, we include for the sake of completeness a graphi-
cal representation of the ^-strength as derived from the
y-ray decay scheme. The result, shown in Fig. 4, also
gives an estimate of the strength contribution deduced
from the delayed neutron spectrum of [7], assuming a
total neutron intensity of about 40%/d. The estimate
was made by assuming that a negligible fraction of the
delayed neutrons populate excited states of 8*Se. The
formula of Duke et al. [16] was used in the calculation
of the strength function.

4. Conclusion

In summary, we have made the first reliable measure-
ments of y-rays following the decay of 85As. The observa-
tions show that previous conclusions about the /}-
strength distribution of 85As must be revised. Arguments
suggesting a 5/2", rather than 3/2", ground state of 85As
have been presented.

The work has been partially financed through a grant from the
Swedish Natural Science Research Council. We are grateful to L.
Jacobsson and O. Johansson for skilful operation of the mass-separ-
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experiment. J.P. Omtvedt and P. Holf are also indebted to the
Norwegian Council for Science and Humanities for covering travel
expenses.



353

References

1. Heyde. K.. Isacker, P. Van. Waroquier. M.. Wood. J.L., Meyer,
R.A.: Phys. Rep. 102. 291-393 (1983)

2. Rudstam. G.: Nucl. Instrum. Methods 139. 239 11976)
3. Jacobsson. L.. Fogelberg. B.. Ekstrom. B., Rudstam. G.: Nucl.

Instrum. Methods B26. 223 (1987)
4. Hoff, P., Ekstrom. B.. Fogelberg. B.. Omtvedt, J.P.: Z. Phys.

A - Hadrons and Nuclei 338, 285 (1991)
5 Tepel. J.W.: Nucl. Data Sheets 30, 501 (1980)
6. Kratz. J.V.. Franz. R. Kaflrell. N.. Herrmann. G.: Nucl. Phys.

A250. 13(1975)
7. Kratz, K.-L.. Rudolph. W.. Ohm, H.. Franz. H.. Zendel. M.,

Herrmann. G.: Nucl. Phys. A317. 335(1979)
8. Omtvedt. J P.. Hoff, P.. Hellstrom. M., Spanier, L.. Fogelberg,

B.: Z. Phys. A - Hadrons and Nuclei 338, 241 (1991)

9. Kralz, J.V.. Franz. H.. Herrmann. G.-. J. Inora. Nucl. Chem.
35, 1407(1973)

10. Crancon, J.. Ristori. C, Ohm. H., Rudolph. \V\, Kratz, K.-L..
Asghar, M.: Z. Phys. A - Atoms and Nuclei 287. 45 (1978)

11. Wapstra. A.H., Audi, G.. Hoekstra, R.: At. Data Nucl. Data
Tables, Academic Press Inc, 39, 305 (19881

12. Gove, N.B.. Martin. M.J.: At. Data Nucl. Data Tables 10. 235
11971)

13. Table of Isotopes. 7th edn. Lederer. CM., Shirley. V.S. (eds.)
New York. Chichester, Brisbane: Wiley 1978

14. Winger. J.A.. Hill, J.C., Wohn. F.K.. Gill. R.L., Ji. X.. Wilden-
thal, B.H.: Phys. Rev. C38, 285 (1988)

15. Raman. S.. Fogelberg. B., Han-ey. J.A., Macklin. R.L.. Stelson.
P.H.: Phys. Rev. C28. 602 (1983)'

16. Duke. C.L.. Hansen, P C , Nielsen. O.B., Rudstam. G.: Nucl.
Phvs. A151, 609 (1970)



Paper II



Z. Phvs. A - Hadrons and Nuclei 338. 285-289 (19911

Hadrons
and Nuclei

& Springer-Verlag 1991

The decay of As
P. Hoff1, B. Ekstrom2, B. Fogelberg2, and J.P. Omtvedt1

1 Department of Chemistry, Oslo University. P.O. Box 1033 Blindern, N-0315 Oslo 3. Norway
2 The Studsvik Neutron Research Laboratory. Uppsala University, S-61182 Nykoping, Sweden

Received August 14. 1990

The decay properties of 84As have been investigated with
mass separated sources. Only one ^-decaying state is
seen, contradictory to previous observations. The half-
life is found to be 4.5 + 0.2 s. A detailed decay scheme
has been constructed, and 33 excited states in 84Se have
been determined.

PACS:23.20.Lv;25.85.Ec

1. Introduction

Although arsenic is a relatively volatile element, it has
so far been difficult to obtain satisfactory production
yields of it in on-line mass separator systems. The recent
development of high temperature plasma-discharge ion-
sources has improved these conditions considerably. At
the OSIRIS on-line mass-separator in Studsvik, the plas-
ma-discharge ion-source ANUBIS [1] has been con-
structed. In this ion source, the delay is only of the order
of a few seconds for arsenic, and the ion-source efficiency
is around 0.2%. At these conditions, sources of sufficient
strength and purity for spectroscopical investigations are
produced also for exotic arsenic isotopes.

Prior to the most recent ion-source developments,
the information on the decay properties of neutron-rich
isotopes of arsenic was scarce. Kratz et al. used rapid
chemical separation techniques to separate arsenic
isotopes produced in fission [2], and determined some
of the strongest -/-rays following the decay of 84As. Early-
reports from the same group [3] gave the indication
of a 0.5 s /(-decaying isomer in 84As. The absence of
further confirmation, as well as observations in close-
lying even-mass isotones have given good reasons to
question the existence of this isomer. From close-lying
even-mass isomers, it is known that no similar isomer
was observed in 82Ga [4], and the isomer in 86Br re-
ported 20 years ago [5] has not been confirmed and
is very doubtful.

The most neutron-rich isotopes of arsenic are close
to the N = 50 neutron-shell, and the low-lying states ob-
served in the study of their decay are therefore often
easily interpreted as more or less pure shell-model states
or intruder states. The decay of 84As leads to the popula-
tion of states in the N = 50 nucleus 84Se. Prior to this
experiment, the information on the structure of this nu-
cleus was limited, obtained mainly through the
82Se(i, p)84Se reaction [6, 7]. These experiments are not
directly comparable with the information that is ob-
tained through /(-decay studies.

2. Experimental

The experiments were performed at the OSIRIS on-line
mass separator at the R2-0 reactor in Studsvik, Sweden.
The construction of the separator has been described
in detail by Rudstam [8]. The target consists of 90%
enriched 235U impregnated on porous graphite. The re-
cently developed target and ion-source system ANUBIS
operates at temperatures close to 2500 °C [1], where
even many of the less volatile elements are liberated from
graphite matrices within a few seconds.

The measurements were made by collecting the ion
beam of mass 84 on an aluminised Mylar tape and subse-
quently moving the sources into a shielded counting po-
sition. Coaxial Ge detectors were used for the singles
y-ray measurements and for the measurements of yy-
coincidences. The y-rays following the decays of 84As
and of 84Ge were assigned through multispectrum analy-
sis or through coincidence relationships with strong
transitions which could be assigned with certainty. A
y-ray spectrum obtained at mass number 84 at condi-
tions optimized for short-lived activities, is shown in
Fig. 1.

A total of 67 y-rays were assigned to the decay of
84As and are given in Table 1, which also includes the
y y-coincidence relations.
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Table 1 (continued)

400 BOO 120C 1600 2000

2000 2400 2800 3200 3600 4000

Energy (keV)

Fig. 1. y-ray spectrum obtained at mass number 84. Transitions
following the decay of *4As are indicated if the relative intensity
is higher than 1.0 below 2000 keV and higher than 0.5 above
2000 keV

Table 1. y-transitions and yy-coincidence relations following the
decav of 84As

Energy (keV) Intensity Coincident transitions

325.03 ±0.10
426.4 ±0.2
577.84 ±0.10

666.97 ±0.10

741.23 ±0.10
985.20 ±0.10

1007.12±0.10
1042.9 ±0.2
1O8O.15±O.1O
1110.77 + 0.10
1175.9 ±0.2
1245.3 ±0.2
1249.0 ±0.2
1287.06 ±0.10

0.10 ±0.03
0.2 ±0.1
7.4 ±0.2

38 ±1

2.4 +0.2
1.47 ±0.05
2.6 ±0.1
0.29 ±0.03
1.20 ±0.05
2.4 ±0.1
0.60 + 0.5
6.3 ±0.4
2.0 ±0.3
1.76 ±0.06

325,426,667, 1455,2522.
2962, 3169

578. 1111, 1176, 1249, 1287,
1317, 1427, 1455, 1751,
1864. 1961,2159.2324,
2522.2962,3169,4128

1080(w), 1455,2086
1455, 1843
1080(w), 1455

1007(w), 1455fw), 2461
667, 1455

426. 1455, 2522
667. 1455
667, 1455, 2841

Energy (keV)

1317.45 + 0.10
1426.6 +0.3
1454.55 + 0.10

1530.19 + 0.10
1569.53 + 0.10
1615.2 ±0.2
1618.8 ±0.2
1671.45 + 0.15
175O.35±O.1O
1843.13±O.1O

1863.6 ±0.2
1925.5 ±0.2
1951.6 +0.2*
1956.2 ^0 .2*
1960.5 +0.2
1973.5 +0.2*
1984.7 +0.2
2086.69 + 0.10
2159.0 -0 .2
2237.9 +0.2*
2299.0 +0.2
2323.5 +0.2
2418.1 +0.2*
2461.35 + 0.15
2522.10±0.15
2535.22 + 0.15*
2596.5 ±0.2*
2612.3 +0.2*
2661.74 + 0.15
2722.80 + 0.15
2840.8 +0.2
2962.0 +0.2
3039.46 ±0.15
3154.8 +0.2*
3169.4 +0.3
3474.6 +0.3
3748.0 ±0.3
4069.0 ±0.3*
4108.9 +0.4*
4127.9 ±0.3
4182.9 ±0.3
4280.9 ±0.3
4435.4 =0.3
4575.7 +0.3*
4637.0 +0.3*
4769.5 ±0.3*
4795.0 ±0.3*
4821.1 +0.3*
4888.3 +0.3*
4945.7 +0.3
5020.3 +0.3*
5086.8 +0.3
5149.9 +0.3

Intensity

2.2 +0.1
0.73 ±0.05

100 ±2

2.1 ±0.1
1.89 + 0.05
0.53 ±0.04
0.47 ±0.04
0.70 ±0.05
1.87 + 0.07
6.1 ±0.2

0.30 + 0.03
0.70 + 0.05
0.65 + 0.04
0.57 + 0.04
0.49 ±0.04
0.46 ±0.04
O!52 ± 0.03
7.6 ±0.3
0.76 + 0.05
0.72 ± 0.05
0.70 ±0.05
0.58+0.04
0.86 + 0.05
6.2 +0.3
0.96 + 0.05
0.95 + 0.05
0.52 + 0.04
0.37 + 0.04
0.91+0.05
2.1 ±0.1
0.4 ±0.1
0.49 + 0.04
2.4 +0.2
0.51+0.03
0.65 + 0.04
0.78 + 0.05
0.61+0.04
0.52 + 0.04
0.49 + 0.04
0.76 + 0.05
0.46 + 0.04
0.67 + 0.04
0.47 + 0.04
0.62 + 0.04
0.45 + 0.04
0.43 + 0.04
0.55 ±0.04
0.44 + 0.04
0.38 + 0.04
1.52 + 0.10
0.39 + 0.04
0.77 ±0.06
1.00 + 0.08

Coincident transitions

667. 1455

426.578.667. 741.985.
1007, 1043. 1111. 1176.
1245, 1249. 1287. 1317.
1427, 1530. 1570. 1615.
1671, 1750. 1843. 1985,
2087, 1522,(26121,2661.
2723, 2962. 3039. 3475,
4127,4183,4436,4945,
5087,5150

1455
1455

667. 1455
574.985. 1455, 1926,

2299. 2723

575.741. 1455

522. 1080
577.667. 1245, 1455

1455
1455, 1843

667, 1455

1455

1455

* Not placed in level scheme
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The absolute y-ray intensity of the 1455 keV transi-
tion of 84As had been determined by Rudstam et al.
[9] to 49±11%. A later, more detailed study [10] gives
a value of 89 + 8%, which has been adopted in the pres-
ent work. There is at present no experimental informa-
tion on the Qf-\a\ue of 8*As. We have used the value
of 9.9 + 0.3 MeV extrapolated by Wapstra et al. [11] in
the derivation of the log ft values.

3. Results and discussion

Only one /̂ -decaying state was observed in 84As. The
half-life was measured to 4.5 + 0.2 s. So far, our observa-
tions are in reasonable agreement with the experiments
of Kratz and Herrmann, who found a half-life of
5.5 ±0.3 s, but our experiments did not confirm the ex-
istence of an isomer with a half-life of 0.65 + 0.15 s. In
addition to the /-ray measurements, a separate measure-
ment of ^-particles at mass-number 84 was also per-
formed. There was no indication for a pronounced high-
energy /̂ -branch with characteristic half-life below 1 sec-
ond, except for a relatively weak contribution obviously
arising from 84Ge. A purely ^-decaying isomer in 84As
can therefore be excluded. As there were no short-lived
components from 84As in the >'-ray spectra either, we
conclude that no short-lived ^-decaying isomer exists.

The decay scheme of 8*As constructed on the basis
of the present measurements is shown in Fig. 2. A total
of 33 excited states in 84Se have been determined, and
49 of the observed y-rays have been placed in the scheme.
All y-rays are placed in the scheme on the basis of coinci-
dence data.

The level systematics of the even JV = 50 isotones is
shown in Fig. 3. For some of the low-lying excited states
in 84Se, assignments of spin and parity are possible from
systematical considerations. The level at 2461 keV de-
cays mainly directly to the ground state, and is therefore
most probably the second 2* state in 84Se. From the
intensities observed in the y -/-coincidence measurements,
the spin and parity 0* can be ruled out for the 2122 keV
level. Judging from the level systematics, the assignment
4+ is the most probable one. The 0 +-level shown in
Fig. 3 at 2247 keV is not seen in the present work, and
is taken from [6, 7].

The levels above 2.5 MeV in 84Se are more difficult
to interpret. An octupole vibration state is expected be-
tween 2.5 MeV and 3.5 MeV. A recent parametrization
[12] of the energies of 3|" states predicts the value
3.12 MeV in 84Se. These collective states do not possess
characteristic high /?-branches, and are therefore hard
to find in a decay study. Our decay scheme shows several
levels possibly representing a 3" state near this energy,
but a unique assignment cannot be done on the basis
of the available data.

Ji and Wildenthal [13] have performed shell-model
calculations for the A' = 50 isotones. The agreement for

84Se was poor compared to the good agreement ob-
tained for other even-even A' = 50 nuclides. For instance,
they calculated a higher first excited 2" state in 84Se
than in 82Ge and in 86Kr: although there is no physical
reason to suggest such a behavior. The disagreement
may therefore arise from the semi-empirical nature of
the calculations, as the shell-model parameters are deter-
mined from a fit to experimental data. There is no reason
why the structure of 84Se should be particularly difficult
to reproduce within the framework of this model, and
we therefore find the disagreement as an indication that
the experimental data used to determine the model pa-
rameters are partly wrong. In particular, we find the
experimental evidence published for a number of
O+-states in 8<vSe [7] to be relatively tentative.

None of the several 0^ states observed in the
82Se(r, p)84Se study of Mullins et al. [7] have been ob-
served in the #-decay of 84As, showing that such levels
are only weakly populated, even indirectly. As it was
possible that these levels might be populated through
the delayed neutron decay of 85As, we also performed
a special search for relevant transitions in the data ob-
tained in a parallel study of 85As [14]. Neither the singles
nor the y y-coincidence data (gated on the 1455 keV tran-
sition) gave evidence for a significant population of levels
with spin and parity 0* or 1". However, this observation
also includes the well-established 0 +-level at 2247 keV,
showing that a decay study of 84As does not provide
appropriate information for confirming the tentative ob-
servations of 0 + -states at 1967 keV and 2716 keV. The
level observed by us at 2700 keV is not 0 + .

All levels of 84Se reported by Kratz et al. [2] have
been confirmed in the present experiment, but we have
found that the 2461 keV y-ray is a ground-state transi-
tion, and does not deexcite the 5161 keV state, as sug-
gested in the earlier work.

The ^-strength function of 84As is shown in Fig. 4,
and the maximum strength occurs at excitation energies
around 6-6.5 MeV. The ^-strength drops rapidly when
going to higher energies, and there is no observable /?-
strength above 6.6 MeV excitation energy in 84Se.

Experimental results from investigations of the de-
cays of 85As [14] and 83Ge [15, 16] show that it is
likely that the odd proton in 84As is /5r2 and that the
odd neutron is dS2- The spin and parity of the 84As
ground-state may therefore attain values from 0" to 5".
The levels at 1455 and 2461 keV both receive significant
direct ^-transitions. The log ft-values of these /5-transi-
tions are typical for first-order forbidden transitions. The
levels are both undoubtedly 2 ' , limiting the possible
values for the spin and parity of the 84As ground state
to 1", 2" and 3". 1 ~ seems very unlikely due to a non-
observable population of the well-established 0 +-state
at 2247 keV.

The log ft value for the /^-transition to the 2122 keV
level is also typical for a first-order forbidden transition.
If the 4+ assignment of the 2122 keV level is accepted,
only the value 3" remains as possible for the spin and
parity of the 84As ground-state.
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for detailed experimental studies. The half-life is found
to be 4.5 + 0.2 s. The proposed short-lived isomer is not
observed in mass-separated samples, and probably does
not exist. Due to the relatively high spin of the ^-decay-
ing state, 0*-states are very weakly populated, and the
decay study thus cannot experimentally confirm the two
tentative 0+ states at 1967keV and 2097keV in 84Se
recently proposed on the basis of reaction studies [7].

Theoretical shell-model calculations [13] give a
surprisingly poor reproduction of the structure of "Se.
It is suggested that the disagreement may be due to the
use of ambiguous experimental data to fit parameters
in the calculations.

Fig. 3. Level systematics for even mass ;V = 50 isotones

c 10-:

3

fi
- I—

1 f
i

10
0 1 2 3 4 5 6 7

Excitat ion energy (MeV)

Fig. 4. The ^-strength function of "As

4. Conclusion

The development of the rapid plasma-discharge ion-
source ANUBIS has enabled the spectroscopic study of
the decay of 8*As, which was previously out of reach
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Abstract

The branchings (absolute intensities) of
7-rays following the decay of "ISGe and
"•"As have been determined using mass-
separated samples. Our results include the
first identification of "Ge and the first
7-ray data for "Ge. Values of the delayed
neutron emission probabilities, Pa, of "Ge
and "As were also deduced from the data,
together with a lower limit of this quan-
tity for "Ge. The deduced Pr of about 39
% for the important neutron emitter "As is
substantially larger than the values of
about 22-23 % obtained in previous in-
direct determinations.

The properties of the neutron rich
nuclei near A=80 are strongly influenced
by the presence of the N=50 and Z=28
shells. The influence is of importance
both for the level structure of these
nuclei and for the shape of the nuclear
mass-surface, which has consequences for
basic nuclear decay properties such as
beta-decay half-lives and delayed neutron
emission probabilities. A detailed know-
ledge of the nuclei near A=80 is desi-
rable, not only with regard to the nuclear
structure, but also because of their
participation in theories of rapid nucleo-
synthesis in stellar environments. The
available data on the neutron rich species
in this region is rather limited due to
experimental difficulties. In the cases of
the neutron-rich Ge and As isotopes, much
of the existing data stem from studies of
activities obtained in rapidly performed
chemical separations [1-4]. These works
do, however, lack much information on the
heavier isotopes or have been shown to be
erroneous [ 5] regarding the assignments of
7-rays.

Many of the experimental difficulties
can be overcame by using mass-separation
rather than chemistry for the source
preparations. The advent of high tempera-
ture target and ion-source systems makes
it possible to study most fission product

nuclei in the A=80 region, including
isotopes of Ge, As and Se. As a basis for
more detailed spectroscopic work, it is
necessary to have a knowledge of the
absolute intensities of 7-rays. These

A=84 low energy spectrum.
0.25keV/chonnel

150 200 250 300 350 400 450 500

A=85 low energy spectrum.
0.25 keV/chonnel

Fig. 1. Examples of 7-ray spectra showing
lines due to *'"Ge. The "Ge 7-rays also
follow neutron emission in the decay of
"Ge. The unlabelled peaks near the center
in each panel are K X-rays from Pb.
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intensities are used for e.g. deductions
of beta transition probabilities which, in
turn, may be used for deductions regarding
the nature of the observed states. We have
therefore performed an experiment specifi-
cally designed to provide intensity data
for the decays of the heavy Ge and As
isotopes. The experiments were made con-
currently with spectroscopic studies of
"•'sAs [Refs. 5, 6].

The samples were obtained as mass
separated fission products from the OSIRIS
[7] facility located in Studsvik. The ion
source was run in a high temperature
plasma mode which has a good ionization
efficiency for most elements. For the
isobars A=84,85, we consequently obtained
samples consisting of Ge, As, Se and Br.
The shorter lived components were strongly
enhanced by using short beam collection
periods. The measurements of absolute
intensities were made in a series of dual
multi-spectrum scaling experiments in
which both a B- and a 7-ray detector were
employed. The absolute 7-ray intensities,
see Table 1, were extracted from the data
after calibrating the detector system and
correcting for the 7-ray response of the
8-detector. The calibration uncertainty is
about 10 %.

The 7-ray spectra also gave evidence
about the delayed neutron emission from
the shorter lived species in the mass
separated samples, because certain 7-rays
from the next lower isobaric chain were
observed to grow in. Two such 7-rays with
energies of 734 keV and 408 keV, following
the decays of "As and "Se, are sufficient-
ly well known [8,9] to be used for deter-
minations of neutron emission probabiliti-
es. The corresponding delayed neutron
precursors are "Ge and "As. The latter
nuclide is of particular interest since it
is one of the major delayed neutron emit-
ters in the thermal neutron fission of
JJ5U. Remarkably, all of the previous
determinations [4,10,11] of the "As neu-
tron emission probability have been in-
direct, i.e. the observed neutron counting
rate have been compared with the fission
yield rather than the number of B-decays
of 85As. The value used for the fission
yield has later [12] been found to be
unreliable. Our present directly determi-
ned value of 39 %, see Table 1, is sub-
stantially larger than these previously
reported values. The delayed neutron
emission probabilities of a number of
fission product nuclei are presently being
studied at our laboratory with direct
counting of neutrons and B-particles. The
results obtained [13] for "Ge and e5As are
in agreement with the values given in
Table 1.

The work has been partially financed
through a grant from The Swedish Natural
Science Research Council.

Table I. Branching of 7-rays and delayed neutrons
following the decays of "-"Ge and "'"As.

Nuclide Half-life (s)

Present3 Other

Branching data"1'

E, I,

"As 4.5(2) 5.3(4)' 667.0 34(3)
1454.6 89(3)

"AS 2 . 0 ( 1 ; 2 .03 (1 )* 39(5)" 461 .9 0 . 6 0 ( 1 0 )
1114.9 4 . 0 ( 7 )

"C-e 0.98(5) 1.2(3) ! 9(3) 100.0 8.7(20)
242.4 13(3)

"Ge 0.58(5) - >1.5< 101.9 >5=

*) The neutron and -r-ray branching is given in units of
%/d. A possible systematic uncertainty (calibration
error) of 10 % is included.

=) Uncertainties are given in units of the last digit.
In our notation 4.5(2) = 4.5*0.2 etc.

=) Ref. [2].
') Ref. [41 .
") Previous indirect determinations. Refs. [4, 10, 11],

are 22(5), 23(3) and 22(8) % respectively.
') Ref. [1].
') Only lower limits are given because the fi-particles

of "Ge were difficult to observe against the huge
"background" of "As.
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First Observation of Octupole Collectivity
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The angular momenta and parities of the low-lying states of 132Sn have been firmly determined
through studies of the B decay of l32In. The lowest lying state with a negative parity is shown to
have a collective octupole character. Several particle-hole multiplets have been identified, including
the lowest lying proton excitation. More than about 20% of the theoretically estimated bound states of
132Sn have been identified.

PACS numbers: 21.10.Re, 21.60.Cs, 23.4O.Hc, 27.60.+j

The properties of the nuclei at a double closure of
both proton and neutron shells are of fundamental impor-
tance for the understanding and systematization of nuclear
structure. The valence nuclei, possessing or lacking one
nucleon in otherwise empty or filled shells, give direct in-
formation on the basic single particle (SP) structure. The
energies of the SP states, the SP transition matrix elements,
and the SP static moments are experimental observables
which are crucial ingredients in any theoretical systemati-
zation of nuclear structure. The nuclei having or lacking
two nucleons with respect to the double shell closure will
in a similar manner give directly observable information
on the interactions between various pairs of nucleons oc-
cupying the valence states. The doubly closed shell nuclei
(DCSN) themselves are of special interest. The simplest
excitations consist here of particle-hole (p-h) states in
which the particle by necessity must be excited across the
energy gap defining the closed shell. The p-h states of
DCSN form level multiplets where the individual states
often have a very simple structure with regard to admix-
tures of configurations. The degeneracy of the multiplets
is lifted as a consequence of the p-h interaction. The map-
ping and identification of such multiplets may give imme-
diate information on the nuclear two-body matrix elements
(provided that perturbations can be neglected). The static
moments of the levels as well as the transition rates within
and in between the multiplets are likewise crucial observ-
ables linked to the underlying SP structure in a relatively
transparent way. At present, the structure of a DCSN can
be reasonably well predicted provided that the SP data are
sufficiently well known. Conversely, the observed prop-
erties of a DCSN may be used to derive otherwise inacces-
sible information on a particular SP system.

The occurrence of DCSN is a rare phenomenon. In the
wide region A > 56, the only well-studied nucleus of this

type is 20SPb. Additionally, only the unstable DCSN 78Ni
and 132Sn are expected to be sufficiently strongly bound to
permit a study of their excited states. The present work is
focused on the structure of the intermediate mass DCSN
132Sn. As this nuclide is located several steps away from
the stability line on the neutron rich side, its excited states
can presently be populated only in fission reactions or in
the /3 decay of the precursor l32In. We have studied the
latter decay in a series of experiments which have led
to a manyfold increase in the known data on 132Sn and
which constitutes one of the single largest contributions
of structure data on any DCSN. Previous experimental
information on the properties of 132Sn mainly comes from
/3-decay spectroscopy at ISOLDE [1] and from studies
of isomers populated in fission [2], although the first
structure information was obtained in an experiment [3]
at our laboratory about 20 years ago.

The present work has almost tripled the number of
known particle-hole multiplets and excited states in 132Sn.
The number of known electromagnetic transition rates has
increased from 4 to about 20, and the known /3-transition
rates now number more than one dozen compared to
the single datum available before. Perhaps of more
importance, firm experimental verification now exists of
the angular momenta and parities of many of the lower
lying states. A detailed discussion of the new results will
be given elsewhere [4]. Here we will give an overview
of the information obtained and discuss in some detail
only one particularly significant item; the identification of
a collective octupole vibration in 132Sn.

The experiments were performed at the OSIRIS fis-
sion product mass separator facility [5] at Studsvik. A
relatively pure beam of 132In, produced through thermal
neutron induced fission of 235U, was obtained by operat-
ing the ion source in a surface ionization mode [5]. A

0031-9007/94/73(18)/2413(4)$06.00 © 1994 The American Physical Society 2413
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miniarray consisting of five Ge spectrometers and six
BGO detectors was used to study yy coincidences and
y-ray angular correlations. A total of about 108 coinci-
dence events were collected, most of them between pairs
of Ge detectors. This data set was the main source of in-
formation for the construction of the l32Sn level scheme
shown in Fig. 1. The multipolarities of the stronger tran-
sitions below an energy of 0.6 MeV were deduced from
conversion coefficient data obtained in a second experi-
ment, in which conversion electron and •y-ray spectra
were recorded simultaneously. Results of the best quality,
see Fig. 2, were obtained in a data set that had been gated
by /3-particle events in a plastic scintillator placed near
the sample position. The half-lives of several levels in
132Sn were determined using a triple coincidence Pyy(t)
method [7,8]. The time delay between /3 particles and y
rays was measured using a well-calibrated system of two
small scintillators (one plastic and one BaF2) mounted on

100 150 200 250

132Sn electrons

299.6 K
(310.7 K)

400
350 400 450 500

Electron energy (keV)

550

FIG. 1. Levels and transitions in the DCSN 132Sn as deduced
from the present work. Note that the figure is not drawn
to scale. The 22 states shown here likely represent more
than about 20% of all bound states of this nucleus. The
neutron separation energy is 7.404 MeV according to Ref. [6],
which also gives the Q/3 value of "2In. The three positive
parity states near 5.5 MeV are identified as members of the
irgi-igvi multiple!, thus representing the first observation of
proton p-h states in n2Sn. Their energies are significantly
shifted, by both Coulomb and nuclear interactions, from
the unperturbed value of 6.13 MeV of the proton shell
gap. Some properties of the lowest lying excited states
are discussed in the text. A discussion of the full set of
the new experimental data on this DCSN will be given
elsewhere [4].

ultrafast photomultiplier-tubes (Philips XP2020 URQ). A
third coincidence with a y ray detected in a Ge spectrome-
ter served to unambigously select the decay path in the
level scheme. The half-life data obtained are presented in
Table I.

Before discussing the octupole collectivity of 132Sn,
it should be remarked that the structure, in terms of a
specific dominating p-h excitation, can be identified for
most of the observed states in this DCSN. The identi-
fication is based mainly on the modes of feeding and
decay of the levels and on the SP energies. As pro-
posed before [1], the lowest positive parity states and
the negative parity ones above 7 MeV belong with cer-
tainty to the vfi/2hii/2 and m e "fi/igi/i multiplets,
respectively. Our new observation also of odd-spin mem-
bers in these multiplets is of significant interest as dis-
cussed elsewhere [4]. The three positive parity states
near 5.5 MeV can only belong to the irgi/2g<)n multi-
plet. Other observed levels, with one or two exceptions,
most likely represent neutron excitations. Further com-
ments on the p-h structure are given below regarding
the low-lying negative parity states and in the caption
of Fig. 1.

It has been pointed out [9] that 132Sn shows the
strongest shell closure of any nucleus. Taking the energy
of the first excited state as a measure of of this strength
and allowing for an A~1/3 dependence on the nuclear size,
132 Sn is actually found to be about 35% more rigid, in this
respect, than 16O or 2O8Pb. All other DCSN or closed sub-
shell nuclei have considerably smaller gaps in their level
spectra. (The lightest DCSN 4He is not included in this
or the following discussion, as it represents a special case
in many ways.) In view of the exceptional "stiffness" of
132Sn, it is particularly interesting to investigate the pres-
ence of collective excitations among the first few excited
states. Very general considerations [10] suggest that an
octupole surface vibrational mode should be present at
a relatively low energy in all DCSN. Collective states
of this type have actually been observed in four of the
six known DCSN, ^Ni and 132Sn being the exceptions.
There exists massive theoretical support for a collective
nature of the lowest lying 3~ state also in l32Sn, including
the results of two different [11,12] calculations within the
random phase approximation (RPA). On the other hand,
the empirical evidence for octupole collectivity in heavier
DCSN is scanty, to say the least, with the 2615 keV state
of 208Pb being the single known such case for DCSN hav-
ing A > 48.

The previous experimental study of 132Sn by Bjornstad
el al. [1], discussed the level at 4351.9 keV as the
collective 3" state, although the parity assignment then
was based on the theoretical expectation of a low-
lying octupole state. The present, considerably more
detailed experimental data provide a unique identification
of the spins and parities of all states below 5 MeV, in
addition to the two high-lying ones near 7.2 MeV. The

2414
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0.207 s

3= 14.135 MeV

95.6 V1*1 " > « "

1.8 6.1 (6 ~)

132

50

FIG. 2. The relative parities of the lower lying states of 132Sn were firmly determined from conversion electron data. In particular,
the weakness of the hardly visible electron lines corresponding to the 310.7 and 526.2 keV transitions show that both are of parity
changing £1 character. Both would have been clearly detectable if they were of M\ or El multipolarity. The 310.7 keV transition
connects the first excited 2* and 3" levels of 132Sn, see Fig. 1.

4351.9 keV level can now be firmly assigned a negative
parity, due to the presence of a parity changing £1
transition to the previously [12] well-known 2+ state at
4041.1 keV.

Having established with certainty that the 4351.9 keV
level has J* = 3 " , we may begin to investigate the nature
of this state. The lowest lying p-h 3" state should belong
to the vfTftd^ multiplet, where the particle and hole states
correspond to the ground state configurations of 133Sn and
131Sn, respectively. The unperturbed energy of the multi-
plet would thus equal the neutron shell gap of 4.94 MeV
[6]. The 4" and 5" members were (tentatively) identi-
fied near this energy by Bjorastad et al. [1] on grounds
of strong systematic evidences. We can now empirically
confirm the negative parity of these states, see Figs. 1 and
2. To find the excitation energy of the 3" state belong-

ing to this configuration, one needs to investigate the p-h
interaction energies within the multiplet. This may sim-
ply be performed by a comparison with the analogous and
well-known vgv/if5/2 multiplet in 208Pb. The compari-
son shows that the 3" and 5" levels of 132Sn should both
be only slightly displaced by the interaction and should
both be present within about 100 keV from each other
near 4.94 MeV. The observed energy of the 5" level is
4942.4 keV. As there are no reasonable physical processes
that may depress the energy of this p-h 3" state by several
hundred keV (to agree with that of the 4531.9 keV level),
we conclude that the (vfi^nh- state remains undetected
due to a weak population, and that the 4351.9 keV level
must contain a mixture of many p-h configurations, low-
ered in energy by the coherent effect of diagonal and non-
diagonal interaction matrix elements.

2415
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TABLE I. Half-lives of excited states in l32Sn.

Level (keV) J* Half-life"

4351.9
4416.2
4715.8
4831.0
4848.2
4885.3
4918.5
4942.4
5629.0

5"
T
5"

(7*)

<5.0 ps
3.95(13) ns

20.1(5) ns
26.0(5) ps

2.03(4) /zs
<40.0 ps

62.0(7) ps
17.0<5) ps
13.0(ps)

"All data from the present work.
bUncertainties are given in units of the last digit.

The main empirical characteristic of an octupole vibra-
tional state is the presence of an enhanced £ 3 transi-
tion connecting the 3 " level with the ground state. The
presently obtained upper limit of 5 ps for the half-life
of the 4351.9 keV level shows that the £ 3 transition
strength in l 3 2 Sn is at least 7 Weisskopf units (W.u.) .
T o put this number into perspective, one should com-
pare it to the known data on collective £ 3 transitions in
other D C S N . The four previously known collective B(E3)
values range from 9 to 34 W.u., as shown in Table II
(in which Refs. [13] and [14] are cited). Additionally,
there are three known cases in nuclei with major sub-
shell closures, all having strengths of 30 W.u . or more.
These data may suggest an expected enhancement fac-
tor of about 30 also in 1 3 2Sn. although the results of the
RPA calculations (included in Table II) give values about
a factor of 2 lower than this. Although not conclusive
with respect to the magnitude of the B(£3) , our lower
limit of 7 W.u. for the deexciting £ 3 transition rate is
nevertheless a sufficient indicator of collectivity to clas-
sify the 4351.9 keV level as a surface octupole vibra-
tional state.

The present lifetime determinations are limited in
accuracy partly as a consequence of a limited number
of recorded delayed coincidence events. A considerably
improved beam intensity will overcome this problem.
A possibility for a direct determination of the 3~ level
half-life, in the near future, is thus offered by using the
expected high intensity beams from the planned PIAFE
project [15],

The authors wish to thank L. Jacobsson and O.
Johansson for their expert operation of the mass separa-
tor. The work was supported by the Swedish Natural
Science Research Council .

TABLE II. £3 transition rates in doubly closed shell or sub-
shell nuclei.

Nuclide

«Ca
l32Sn

Energy (keV)

Collective 3" levels, DCSN
6130
3737
4507
4352
2615

B(E3)a (W.u.)

14
31

9
>7b

34

Collective 3 levels, nuclei with closed subshells
•"Zr 2750 32
*Zr 1897 47C

l6Gd 1579 37

132 Sn
Theory, RPA
4352 12-20"

'The B (£3) values are from Ref. [13] unless otherwise noted.
"Present work.
cRef. [14].
"Ref. [12].

'Present address: National Superconducting Cyclotron
Laboratory, Michigan State University, East Lansing MI
48824-1321.
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Spins and parities of the low-lying states in 132Sb populated in the /3~ decay of 132Sn have
been determined from conversion electron and 77(6) studies. B(Afl) and B(E2) transition rates
were obtained for a number of transitions in u 2 Sb using the i(E2/M\) ratios deduced from the
77(8) data and the level lifetimes measured with the fast timing 01f(t) method. A close agreement
between the experimental transition rates and those calculated with a quasiboson approximation
model provides a strong confirmation of the theoretical scheme and the effective forces used in the
calculations.

PACS number(s): 21.10.Tg, 23.20.Gq, 21.60.Cs, 27.60.+J

I. INTRODUCTION

The structure of nuclei at double shell closures is of
considerable theoretical importance and motivates inten-
sive experimental studies. The occurrence of doubly-
magic regions is quite rare and for the medium-heavy
nuclei (for A >56) only the region near 208Pb has been
studied in some detail. The recently improved ion source
[1] at the OSIRIS fission-product mass separator at
Studsvik/Sweden allows studies of the 132Sn region in
greater detail. Consequently we have undertaken a com-
prehensive investigation of 132Sn and of several nuclei in
its close vicinity. Our new results on I32Sb are summa-
rized in the present paper.

The structure of 132Sb provides a unique opportunity
to study the coupling of a valence proton particle to a
neutron hole outside the doubly magic 132Sn core. At
present, levels in this nucleus can be populated only in
the 0~ decay of 132Sn, and due to the low spin of the
parent state, J " = 0 + , only a limited number of levels is
populated in this decay. The first account of the level
scheme of 132Sb was given by Kerek et al. [2], while more
detailed 7-ray singles and 77ft) studies have been re-
ported by Stone, Faller, and Walters [3]. A summary
of the previous experimental results is given in Ref. [4].
On the theoretical side energy spectra, electromagnetic
transition rates, and /3-decay properties were recently

'Present address: National Superconducting Cyclotron Lab-
oratory, Michigan State University, East Lansing, MI 48824-
1321.

calculated by Erokhina and Isakov [5] for the odd-odd
nuclei close to the doubly magic 132Sn, i.e., for 134Sb,
130In, 132Sb, and 132In, using a quasiboson approxima-
tion model. However, a critical verification of the model
predictions requires more detailed experimental data, in
particular measurements of absolute transition rates.

The present study, which includes measurements of
conversion electron and 77(0) angular correlations, as
well as time-delayed Py(t) and fast timing 0-ff(t) mea-
surements, has clarified not only the spin/parity assign-
ments to the leveb in 132Sb but also established absolute
transition rates for a large number of transitions. Impor-
tantly, the new experimental data provide a critical veri-
fication of the model predictions by Erokhina and Isakov
[5].

II. EXPERIMENTAL DETAILS

Measurements were performed at the OSIRIS fission-
product mass separator [6]. The ion source, containing 1
g of 235U, was operated in a surface ionization mode [1].
The A = 132 activities, which included short-lived 132In
(Ti/2=0.22 s) and 132Sn (T1/2=40 s), were isobarically
separated from other products of the thermal-neutron
induced fission of 235U. The activities of interest were de-
posited onto an Al-coated Mylar tape, which was moved
with a cycle time that minimised the contribution from
competing long-lived isobars. Generally the decays of
I32In->132Sn and 132Sn->132Sb were studied at the same
time using a 5 s tape cycle. However, two measurements,
time-delayed fht(t) and fast timing ^77(1), were repeated
with the aim to enhance the decay of 132Sn to 132Sb, in

0556-2813/95/51 (2)/50O(9)/$O6.00 51 500 . © 1995 The American Physical Society
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TABLE I. Experimental and theoretical (Ref. [7]) K-conversion coefficients for 7 rays in 132Sb.

E-,
(keV)

85.6
246.9
340.5
899.0

Q

Ref. [2]

0.83(8)
0.046(9)
0.021(4)

This work

0.050(5)
0.018(2)
0.0016(4)

El

0.25
0.0135
0.0056
0.00062

t h

Ml

0.85
0.046
0.020
0.0019

£2
1.9
0.059
0.021
0.0015

Multi-
polarity *
Ml(+£2)

Ml/£2
M1/S2

*(£2/Ml)

<0.25 b

<1.1 e

"Notation: Ml(+£2) means that transition was found to be predominantly Ml with a possible
admixture of E2 given by <5 in column 8, while M1/E2 means that the multipolarity may be either
Ml or £2 or Ml J- £2.
bA similar limit of | S |<0.25 is obtained from the measured value of cu =0.13(3) (Ref. [2]).
'Using the average value of or/c = 0.049(4).

which case the tape was moved every 1 min. The results
on the decay of 132In—»132Sn will be published separately.
All measurements were performed at the point of beam
deposition.

A. Conversion electrons

Conversion electrons were measured with a cooled 2
mm thick Si(Li) detector, which had an active area of
about 100 mm2. The Al-coated Mylar tape was placed at
45° to the incoming beam so the activity directly faced
the Si(Li) detector. A small plastic scintillator, which
served as 0 detector, was placed behind the tape, and

a large volume Ge detector was placed opposite to the
Si(Li) detector. Electron and 7-ray spectra were recorded
simultaneously, both as ungated and )3-gated spectra.
The latter helped to reduce a continuous 0 background
in the electron spectra. The OIK coefficients obtained in
the present work and listed in Table I compare well with
the previous results [2]. The 85.6- and 246.9-keV lines
are identified as Ml transitions with a possible E2 ad-
mixtures for which upper limits are given in column 8.
The 340.5- and 899.0-keV lines are identified as either
Ml , E2, or Ml + £2. The result for the 899.0-keV line
is quite important since it establishes a positive parity
for the 426.1- and 85.6-keV levels as well as the ground
state (g.s.), see Fig. 1.

39.7 s

2Sn

Is

0.B7

logf t

-lit

N OI OI
in ID

N 01 m oio 01 m ^~ o» to tn

r\i o y
in LJ

• +
— in o —

< 60 ps

< 37 ps

2 . 6 ( 1 4 ) PS

529.1 < 13 cs

15.8(17) ps

a 85.6 15.62(13) ns

FIG. 1. Partial decay scheme
of ' "Sn- i -^Sb (from Ref. [4]).
Spin/parity assignments and
level half-lives are from this
work. Energy levels are not
plotted according to scale.
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TABLE II. Summary of the level lifetime determinations
• 132Sb.

Level
Energy
(keV)

85.6
254.5
426.1
529.1

1078.3
1325.2
2268.3

previous *
(us)

14.8(18)
102(4) d

<2

<2
<0.8

this work b

(ns)
15.62(13) c

0.0158(17)
<0.013
0.0026(14)
<0.037
<0.060

'From Ref. [2j unless stated otherwise.
'Averaged from f)-ty(t) measurements unless stated other-
wise.
cThe average includes 7 /̂2 = 15.63(20) ns from 0y(t) measure-
ment.
dProm Ref. [9].

B. Time-delayed ($l(t) measurements

A search was made for level lifetimes in the nanosecond
range using a time-delayed coincidence set-up character-
ized by a time resolution of FWHM~12 ns at E7=100
keV that included a thin plastic scintillator as 0 detec-
tor and a small Ge detector for 7 rays. The analysis of
strong transitions in 132Sb revealed a long lifetime only
for the 85.6-keV line. Its lifetime obtained using a slope
fitting technique [8] is included in Table II.

C. Fast timing measurements

Lifetimes in the picosecond range were measured using
the 0ry{t) method detailed in Refs. [8,10,11]. Three in-
dependent measurements were performed (Run-I, Run-
II, and Run-III) characterized by different electronics,
calibration procedures, and tape cycle times. Each run
was part of a self-contained series of timing measurements
which included the decays of interest and those for the
calibration purposes.

The triple coincidence set-up consisted of three de-
tectors positioned in a plane around the beam deposi-
tion point. Lifetime information was deduced from time-
delayed 0y(t) coincidences in two fast timing detectors:
a thin plastic scintillator for 0 rays (a 2 mm thick Pilot-
U in Run-I, a 5 mm NE111A in Run-II, and a 3 mm
thick NE111A in Run-III) and a conically shaped BaF2
crystal (2.5 cm in height) for 7 rays. An additional 7 co-
incidence with a Ge detector served to select the desired
decay path and to simplify the energy spectrum observed
in the BaF2 crystal. The plastic and BaF2 scintillators
were coupled to the fast photomultiplier tubes (XP2020
and XP2020Q in Run-I, and a pair of XP2020QUR in the
later runs) operated in the anode mode [10]. A constant
fraction unit ORTEC 584 used in Run-I was replaced by
ORTEC 935 in Runs II and III. The overall time reso-
lution was FWHM~200 ps at Ey=l MeV in Run-I and
about 130 ps in the subsequent runs.

Data were collected in quadruplets
(EB"F*,Ep,E°c, Atfiurt) in Run-I, and in quintuplets in
Runs II and III. As the fifth parameter, a time delay be-
tween feeding 0 transition and a deexciting 7 ray in the
"slow" Ge detector, Ats\ow, was collected and used to
subtract random events recorded in germanium. Timing
spectra were sorted off-line with gates set on two full-
energy peaks (and their respective backgrounds): one in
germanium and one in BaF2, respectively, while a com-
mon gate was set on the 0 spectrum [11]. Note that any
timing distribution is uniquely defined by two numbers
[•A,B], which stand for energies in keV of the transitions
selected in germanium and BaF2, respectively.

For energetic 0 rays a thin plastic scintillator acts as
a AE 0 detector and provides a 0 response almost inde-
pendent of the feeding /3-ray energy, which plays a crucial
role in the data analysis [8,11]. However, the decay of
i32Sn_>i32Sb h a s a j o w (Snuu[ energy of only ~1.8 MeV.
Nevertheless, since most of the 0 feeding (99%) goes to
a single level at 1325.2 keV (see Fig. 1), the use of a
common gate on the 0 spectrum yields results that are
equivalent to the AE detector case. Small 0 branchings
to other levels (below 1%) provide no interference in the
data analysis.

With the exception of the 85.6-keV level (long lifetime)
and the 1325.2-keV state (top level), all other lifetimes
were measured by the centroid shift technique [8]. Here,
the mean life T (T = T1/2/m2) of a level directly 0 fed
is given by the difference between the centroid of the
delayed time spectrum and the prompt centroid of the
same 2?-,. When the level of interest is fed by a 7 ray from
a higher-lying level, the mean life of interest is given by
the difference between the centroid shift of the spectrum
gated by the deexciting 7 ray and the centroid shift of
the spectrum gated by the feeding 7 transition.

The prompt and delayed time spectra must be mea-
sured concurrently in order to maintain identical con-
ditions in the face of small but persistent drifts of the
electronics. The calibration process involves "prompt
points" or "reference points" which are internal to the
decay and serve to renormalize the relative prompt curve
(prompt positions as a function of 7-ray energy) mea-
sured separately [8,10,11].

In Run-I the relative prompt was obtained following a
simple procedure [12] previously applied in Refs. [13.14],
which consisted of a single run with the A = 96 beam,
as the decay schemes of ^Rb-y^Sr and 96Sr->96Y are
simple and the lifetimes of several key levels in 96Sr and
^Y have recently been measured [12] with high precision.
The resultant precision in the relative prompt determi-
nation was only (TT«10 ps. In Runs II and III several
calibration beams were used giving <rT«2-3 ps.

As for the reference points, the decay of 132Sn rep-
resents a special case. In the centroid shift analysis, if
all the 0 feeding goes to one level (labeled "top level"),
then its lifetime remains undetermined, unless it is long
enough to be measured by fitting the slope. In other
words, since within one decay all the centroid shifts are
measured relative to the feeding 7 ray, then for all the
transitions in the decay there exists a "reference" feed-
ing transition except for those deexciting the top level, for
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which there exists none. Since the lifetime of the top level
cannot be determined in the centroid shift analysis, its
value becomes irrelevant and can be treated as T=0 . Con-
sequently, transitions deexciting this level provide refer-
ence points and may even define a relative prompt on
their own. In the case of the 1325.2-keV level in 132Sb
(see Fig. 1), there are three deexciting transitions of en-
ergy 246.9, 899.0, and 1239.6 keV, which span a wider
energy range than the transitions in this decay for which
a prompt determination is needed. The relative prompt
was thus renormalized to those three reference points.

In particular, the relative prompt curve was renor-
malized to the centroids of the [993,247], [340,899], and
[86,1240] time spectra (where [A,B\ means energies in
keV of transitions selected in germanium and BaF2, re-
spectively). These positions were confirmed by the cen-
troids of the intense [86,899] and [86,247], as well as of
the weaker [549,247], [652,247], and [1078,247] time dis-
tributions. The lifetimes of the 426.1- and 1078.3-keV
levels were measured as differences between the relative
prompt and the centroids of the [899,340] and [247,993]
time distributions, respectively. A close confirmation of
those lifetimes was obtained from the centroid shifts from
the relative prompt of the [86,340] and [86,993] time spec-
tra, respectively. The lifetime of the 529.1-keV state was
obtained from the centroid shift of the [549,529] time
spectrum from the relative prompt after subtraction of
the mean life of the 1078.3-keV state (deduced above).
The lifetime limit of the 2268.3-keV level was estimated
from very weak [1842,340] and [86,1842] time distribu-
tions.

The lifetime of the 85.6-keV level was obtained from
fitting the slope of the [993,86] time distributions (see
Fig. 2). The same technique [8] was used to extract an
upper limit of the lifetime of the 1325.2-keV state, since it
was not possible to identify any slope due to the lifetime
of the 1325.2-keV level neither in the [340,899] time dis-
tribution nor in any other time spectrum analyzed here.
The lifetime results are summarized in Table II. The aver-
aged values listed in column 3 supersede the preliminary
results quoted in Refs. [15,16].

1000

100-

10

85.6

if
-10 0 10 20 30 40 50 60

Tine (nsl
70 80 90 100

FIG. 2. Time-delayed spectrum between feeding /3 parti-
cles (start) and the 85.6-keV 7 rays (stop) with an addi-
tional gate on the 899.0-keV 7 transition in Ge. The life-
time of the 85.6-keV level is obtained from slope fitting (the
fit is indicated by a solid line). An abrupt cutoff at 95 ns
is caused by the 100 ns limit selected on the range of the
Time-to-Amplitude-Converter.

D. Angular correlation measurements

The 77(6) angular correlation set-up consisted of five
Ge detectors arranged around the beam deposition spot
at distances varying from 6.3 to 10.6 cm away from the
source. In order to minimize the effects due to differ-
ent detector efficiencies [which varied from 20% to 80%
relative to the standard Nal(Tl) detector], the distance
for each germanium was selected in such a way that all
detectors exhibited similar counting rates.

The angles between various combinations of detector
pairs, 8, were selected to provide the angular correla-
tions with a maximal sensitivity at 6=0" and 90° and
with some coverage for the angles in between. In or-
der to define detector positions relative to the incoming
beam, we use variables <f> and <p, where <j> is the angle
in the horizontal plane, while <p is the angle relative to
the horizontal plane. The Ge detectors were positioned
at the angles (</vp)=(182°, 0°), (270°, -30°), (90°, 54°),
(60°, 0°). and (240°, 0°), respectively. The error in the
angle determination was typically less than 2°.

In the analysis, energy gates were set on the 7 rays in
132Sb, and the coincident spectra were sorted out for all
unique combinations of detectors (20 possibilities). The
peak areas corresponding to the observed coincidences
between a pair of 7 rays, E1-E2, were extracted from all
the spectra with the pertinent background spectra sub-
tracted. The analysis was performed separately for the
7-ray pairs E\-Ei and for its reciprocal Ei-E\. A consis-
tency check between those results ensured that no spuri-
ous background yields that would mainly come from the
compton peaks, were present in the data sets. The solid
angle corrections were obtained following the procedures
in Ref. [17].

The data points were fitted to a standard angu-
lar correlation function [18] for a two 7-ray cascade

(71—^/2—^/3) with no alignment of the initial state and
with the following free parameters: S\, 82, and the de-
tector efficiencies, leaving thus at least nine degrees of
freedom. (For the sign of the t5 mixing ratio we use the
convention of Krane, Steffen, and Wheeler [19].) In some
cases both <Si and <52 were kept fixed giving a fit with
eleven degrees of freedom. Occasionally an optional rel-
ative efficiency was fixed for each detector to the values
measured off-line, which increased the number of degrees
of freedom up to the maximum limit of 15. This lat-
ter procedure served to ensure that the fitted angular
correlation function was not spurious with pertinent effi-
ciencies vastly different from the measured values.

III. ANALYSIS OF ANGULAR CORRELATIONS

The angular correlation data require independent lim-
itations of the transition multipolarities and 1$ mixing
ratios. In other words, if the spins are not firmly es-
tablished and both o\ and 62 mixing ratios are to be
determined simultaneously, the fitted parameters usually
remain undetermined. In the present case the experimen-
tal lifetimes provide limits on the £2 admixture to some
of the M\ + E2 transitions in 132Sb based on the assump-
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tion that the B(E2) rates are less or equal to 7 Weisskopf
units (W.u.). These limits, which are | S(E2/M\) |<0.20,
<0.20, and <0.65 for the 246.9-, 340.5-, and 529.1-keV
transitions, respectively, were used in the analysis of an-
gular correlations as discussed below. We take 7 W.u. as
an arbitrary upper limit of the B(E2) enhancement, since
the B(E2) rates are found to be low in the vicinity of
doubly magic 132Sn, and thus one expects similar rates
for the low-lying states in 132Sb. Indeed, the model cal-
culations [5] predict low B(E2) rates for those states —
generally well below 4 W.u.

The relatively short level lifetimes rule out any sig-
nificant admixture of M3 or EZ multipolarity to the ob-
served transitions, and also exclude M2 multipolarity for
the strongest lines. The M2 multipolarity cannot be ex-
cluded for the weak 795.7-keV line, although this assign-
ment is unlikely. If this transition is M2, it would be the
fastest one in this mass region.

/3-transition rates can provide independent limits on
spins and parities. The strong /3~ transitions from the
0+ g.s. in 132Sn to the 1325.2- and 2268.3-keV states in
132Sb with log/t values of 4.01(5) and 4.80(9), respec-
tively, firmly imply spin/parity /" = 1+ for those levels
[2-4]. The 1325.2-keV state decays to the g.s. via two
transition cascades, each including one (firmly assigned)
Ml transition and another one which is either Ml, E2,
or Ml + E2. Thus /"(g.s.) must take any integer value
between 0+ and 4+ . This choice is further limited to 3 +

or 4+ by a fast allowed /? transition [log/t=5.83(8)] from
the g.s. of 132Sb to the 4+ state in 132Te [20]. These two
choices, however, are not equally probable. The pattern
of the 132Sb-4132Te 0 decay clearly favors the / " = 4+
assignment for the parent state since no 0 feeding to the
2f state is observed, while there is a strong indirect 7
feeding (from the higher-lying levels directly /? fed) to
the 6J" level.

The angular correlation results are listed in Table III
for two individual cases: J*(g.s.)=4+ and 3 + . All strong
transitions were considered to be either El, Ml, E2,
or mixed M1/E2, unless limited further by the results
quoted above. Meaningful correlations were obtained for
nine transition pairs that are labeled in Table III column
2 by the energies of the 7-ray pair, E1-E2, in the order
they appear in a cascade. For a given cascade an angular
correlation function was fitted with fixed spins listed in
column 3. During the fit, one of the S parameters was
allowed to vary while the other S was kept fixed, either at
<5=0 as in the case of a El or a stretched E2 transition,
or restricted to a value determined earlier and given in
column four. The result of the x2 fit, i.e., the value of
the varied S parameter determined at xjlun' •* listed in
column 5. Due to the long lifetime of the 85.6-keV state
(Ti/2==16 ns), there may be additional systematical er-
rors due to attenuation of the angular correlations that
involve the 85.6-keV transition.

A. Case: /'(g.s.)=4+

In this case, spins and parities of the 1078.3-, 529.1-,
and 85.6-keV levels are assigned as 2+, 3*, and 3 + , re-
spectively, based on the cascades of two transitions con-

necting the 1+ state at 1325.2-keV and the 4+ g.s. Since
each cascade must carry three units of angular momen-
tum via one transition which is known to be of dipole
character, and another one which can be at the most a
quadrupole (higher multipolarities are excluded), it must
consist of a stretched dipole and a stretched quadrupole
transitions giving a unique spin determination of the
intermediate level. In particular, the 247-1078 7 cas-
cade, where the 246.9-keV transition is a stretched Ml,
and thus the 1078.3-keV transition must be a stretched
E2, defines I"=2+ for the 1078.3-keV state. Similarly,
7" = 3+ is defined for the 85.6-keV level by the strong
1240-86 cascade, in which the 85.6-keV line is a stretched
Ml, and the 1239.6-keV transition must be a stretched
E2. The 796-529 cascade defines spin / = 3 for the 529.1-
keV state. In this case the 529.1-keV 7 ray is either a
stretched £1 or Ml, while the 795.7-keV line is either a
stretched E2 (the most likely choice) or M2 (less likely,
but cannot be excluded at present). The parity of the
level is either positive or negative.

The spin of the 426.1-keV level is uniquely defined as
2+ . Although the 340.5-keV line, which is predominantly
Ml, defines J l r=2+ , 3+ , or 4+ for the 426.1-keV state, yet
the 4+ alternative is ruled out since the strong 899.0-keV
transition from the 1+ state to this level is not M3. Fur-
thermore, the 3 + choice is excluded by the angular dis-
tribution results for the 899-340 cascade, since the Xmin
for the l + - 3 + - 3 + spin sequence (here the 899-keV tran-
sition must be a stretched E2) is much higher than for
the alternative spin sequence.

With a unique spin determination of 2^ (1078.3), 3*
(529.1), 2+ (426.1), and 3+ (85.6) for the intermediate
levels between the 1+ state at 1325.2 keV and the 4+

g.s., one can use the 77(#) results to obtain S(E2/M1)
mixing ratios for the involved transitions. In the first
step, see Table III, data entries #2-10, we determine
6247 from the 247-1078 cascade and use it to obtain <5
for the 652.3-, 549.2-, and 992.7-keV lines. Then we use
these newly determined S values to obtain the mixing
ratio for the 529.1- and 85.6-keV lines. From the 1240-
86 cascade we get an independent estimate of See which
compares closely with the value deduced from the 993-86
cascade. In the analysis of the 340-86 cascade we use the
average (586 to deduce <534o. Note that the fitted value of
834a is not precise. We combine this (S340 with the limit
deduced from the lifetime result to yield — 0.20<(534o<0,
which was used in the subsequent analysis of the 899-340
cascade (see Fig. 3).

Only positive parity (/" = 3+) was considered for the
529.1-keV state. If the parity of this state is negative
(/" = 3 " ) , then both the 549.2- and 529.1-keV transi-
tions would be £1 with i{M2/El) ~0. This situation
cannot be resolved by the present data.

B. Case: /*(g.s.)=3+

From arguments similar to those given above one ob-
tains the following spin assignments for the intermediate
levels: 7*=2+ for the 1078.3-keV state, 2* or 3* for the
529.1-keV level. 2+ or 3+ for the 426.1-keV state, and
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TABLE III. Angular correlation results for 132Sb. See text for discussion.

#

1
2
3
4
5
6
7
8
9

10

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

Ei-E2 '
(keV)

899-340
247-1078
247-652
247-549
549-529
247-993
993-86
1240-86
340-86
899-340

247-993
899-340
1240-86
247-993
247-1078
247-652

899-340

340-86

993-86

1240-86

247-549

549-529

549-529

(»)

l + -3~r-3+

l + -2 + -4 +

l + -2 + -2 +

l " - 2 + - 3 +

2~-3+-4+

l~ -2 + -3 +

2+-3+-4+

l + -3 + -4 +

2+-3+-4+

l + - 2 + - 3 +

1 + -1+-2"1"
l+-3 + -3 +

1--3+-3+
1--2+-2+
1--2+-3+
X--2+-2+
r-2+-3+

1+-2+-2+
1+-3+-2+
2+-2+-3+
3+-2+-3+
2^-2+-3+

l+-2 + -3 +

1+-2+-2"
1+-2+-3-
l + -2 + -2 +

1+-2+-3+
2 + -2"-3 +

2+-2+-3+

2 + -3"-3 +

2 + -3 + -3 +

Restricted
or fixed S

Results assuming 7"(g.s.)=4+

*i = Saw(M3/E2)=0 "
*2 = <5io78(Af3/£2)=0 b

Si =<S247 = -0.14(6)
Si = (5247 = -0.14(6)
Si = <5549=-0.07(21)
<5, = <J247 = - 0 . 1 4 ( 6 )
Si = i9 93 = -0.49(8)
Si = <Si2,o(Af3/£2)=O b

S2 = <SS6 = -O.O95(14) d

- 0 . 2 0 < <52 = <S34O < 0
Results assuming / 1 r (g . s . )=3 +

1 Si = <$247 <0.20
Si = <S899(M3/.E2)=0 b

Si = 6i24o(M3/E2)=0 b

• Si : = \ <5247 ^<0.20

I *1 = | l5247 ;<0 .20

I *1 i = i *247 < 0 . 2 0

\Si = «247 |<0.20
| *2 = *340 !<0.20
Si = <S9

B
99=0

1*11= <340 !<0.20
Si =<5f« =0.18(1)

st = a, = -o.o6iS:242
62 = <Sf6 =0.03(4)
62 = 6& = -0.06«;24

2

62 = (5f6 =0.03(4)
S2 = <5549(M2/£l)=0 '
S2 = <Ss49(M2/El)=0 '

l * i = | S2,7 |<0.20
1 *1 1 = 1 *247 |<0.20
Si,2 = <5549(Af2/£l)=(5529(M2/£l)=0 '
Si = 6gA9=-QAt0o 7
<5i,2 = <5549(Asf2/Bl)=<J529(M2/£l)=0 '

*,'=«£.=-o.i:S:S

Minimum
in varied S

none in <S2 = i534o c

<S1=<5247 = - 0 . 1 4 ( 6 )

*2=<5e52 = -0 .7(6)
*2=*S49 = -0.07(21)
<S2=(55j9 = -0.23(23)
<S2=*993 = -0.49(8)
S2=Sse =—0.09(2)
a2 = ($8 6 = -0.10(2)
*1=*340<0
«i=<58 9 9=-0.22(10)

none in 62 = <5993
 c

none in S2 = Sno c

none in S2 = S»c '
*2=*993 = — 0 .23 l J J 5
XX n i j+DH02=01078 = — 0.14_0 15
X XA n no+0.50O2=0852=009_0 06

(S2=<Sf52 = -0.70(24)
i i = i , » = -0.20(2)
*2=<S?4O =0.18(1)
S& = - 0 . 0 6 + S "
<Sf, =0.03(4)
*i = <S9

493=032(19)
*i = ^ 3 = 0 . 3 2 ( 6 )
Si = <1

A240=-0.4l°l
Si = *f24o= -0.26(5)
i1=if47 .=-0.30(ll)
*i=*2D47=-0.2(4)
*2=*«9=-0.4l°7

S —SF ——0 i+0-3

«

S2=d^29= — 0.05(11)
g

*,=*£,=-0.4+"

'Transition E2 follows transition Ei in a cascade. Note, that results in this table were averaged
over two independent data sets — one for E1-E2 and second for its reciprocal: E?-E\.
bAssumed a stretched E2 transition.
CX2 > 3Xmin for this combination. In the case of /*(g.s.)=4+ and / " = 3 + for the 85.6-keV level,
the choice of / " = 3 + is rejected for the intermediate state at 426.1 keV, that is deexcited by the
340.5-keV transition.
dAn average of the results in row #7 and #8.
°X2 > SXmin for this combination. Choice of 7"=3+ is thus rejected for the intermediate level at
85.6 keV, that is deexcited by the 85.6-keV transition.
'Assumed a pure El transition.
8Xmin f°r this fit is similar to Xmin f°r other spin/parity combinations for this cascade.

/"= 2+ for the 85.6-keV level. The assignment of spin
1+ for the 1078.3- and 426.1-keV states is rejected due
to a lack of observed /3 feeding to those states. Also, the
angular correlation for the 247-993 cascade (entry #11)
rules out spin 1+ for the 1078.3-keV state, while the re-
sults for the 1240-86 cascade (entry #13) rule out spin
3+ for the 85.6-keV level.

Since there are two choices of spin for each of the 426.1-
and 529.1-keV states, there are multiple entries in Table
III. Those marked by "A" and "B" refer to the S(E2/M1)
mixing ratios deduced assuming spin 2+ and 3 + for the
426.1-keV state, respectively, while the S[E2/Ml) mix-
ing ratios "C," "D," "E," and "F" refer to spins 2~, 3",
2+, and 3 + , respectively, for the 529.1-keV state.
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FIG. 3. A x2 surface for the 899-340 transition pair and the
^ 3 ~ spin sequence obtained in the 77(0) measure-

ment. Note, that both 6{E2/M\) are allowed to vary giving
a three-dimensional y2 surface.

C. Additional case: /*(g.s.)=3-

If we neglect the conversion coefficient result for the
899.0-keV line and rely on other evidence combined with
the 77(5) results we can provide independent evidence
against the negative parity assignment for the g.s. of
132Sb. Note that according to the recent compilation of
log/t values by Didierjean and Walter [21] (who updated
the compilation by Raman and Gove [22]) the fast log/t
value for the g.s. decay of 132Sb does not exclude this
transition to be first forbidden since such fast transitions
are observed in close vicinity to the doubly magic nuclei.

Spin /*=3~ is the only negative parity choice which
satisfies the requirements of the conversion coefficient
(excluding the 899.0-keV line), level lifetime, and log/t
measurements. We have examined the angular correla-
tion data for all possible (and related) spin combinations
and obtained a few independent estimates of S(E2/M1)
for the intense 85.6-, 246.9-, and 340.5-keV lines (this
was possible since most 7 cascades included an El tran-
sition for which <$ is restricted). A few of these indepen-
dent estimates were found several standard deviations
apart which prove that the spin/parity /'(g.s.)= 3~ is
not compatible with the angular distribution data.

IV. TRANSITION RATES IN 1MSb

Although I* (g.s.)= 3+ cannot be rigorously ruled out
at present, the 4+ alternative is clearly favored by the
experimental evidence and model considerations. Our
present results illustrated in Fig. 1 are in a full agree-
ment with those obtained previously [2,3] while providing
important clarification of the earlier assignments.

The earlier works extensively used simple shell model
calculations to interpret the experimental results. One
observes a remarkable agreement between the configura-
tion assignments of Kerek et al. [2] and Stone, Faller,
and Walters [3] based on simple shell model consider-
ations, and the sophisticated calculations by Erokhina

and Isakov [5] that are used in the present work. In
particular the following particle-hole configurations were
found as dominant components in the wave functions of
the observed states: wffT f̂djA in the g.s., and levels at
85.6 and 426.1 keV, ng7/2vs'^ in the 529.1-keV state,
irdi/2i'd~/

1
2 in the levels at 1078.3 and 1325.2 keV, and

"•fl7/2"<*r/2 i n t l l e 2268.3-keV level. While the earlier con-
figuration assignments were based on excitation energies,
energy splittings within multiplets, and log/t values, the
present work extends this synonymous comparison to in-
clude for the first time the theoretical and experimental
results for a large number of transition rates in 132Sb.

The calculations were performed in the framework of
the theoretical approach presented in [5] taking into ac-
count the configuration mixing and ground state correla-
tions. The method of Green functions used by us is, in its
essence, equivalent to the quasiboson approximation, and
has also been used in the calculations of even-even nuclei
with two particles or holes above 132Sn [23]. We have
used a single-particle basis which contained all states in
the intervals 28 < Z < 82 and 50 < N < 126. The
configuration splitting and configuration mixing were ac-
complished via a finite range effective interaction which
contained spin, isospin, and tensor components. All the
parameters of the theory were defined earlier from calcu-
lations of nuclei close to 208Pb and 146Gd [24,25].

With the exception of the B(M1) rate for the 85.6-keV
line measured by Kerek et al. [2], no B(Afl) or B(E2)
transition rates were known up to now. However, it was
possible to demonstrate [2] that the experimental value
of B{M\) = 0.0022(3)^ closely agrees with a predicted
rate for the Ml transition between the 3+ and 4^ mem-
bers of the same proton-neutron multiplet if the configu-
ration involved is ^97/2^^3/21 but not if it is ng7/2us~}2

or -Kds/2i/d~^2. The B(E2) predictions of 43, 24, and 12
e2 fm4 were also made for those cases, respectively, but
the earlier experimental results of B{E2) <164 e2 fm4 [2]
was not precise enough to allow any conclusion. The new
result of 36(11) e2 fm4 (see Table IV) is in close agreement
with the predicted value of 43 e2 fm2 for the trg7/2ud~}2

configuration [2]. The situation is, however, consider-
ably more complex as shown by the new experimental
and theoretical results. Our calculations revealed that
the eigenvectors of low-lying states in l32Sb have dis-
tinct leading components with amplitudes of the order of
0.7-0.9 and thus may only be approximately classified in
terms of proton particle-neutron hole multiplets.

Table IV provides a comparison of the experimental
results and model predictions for the 6(E2/M1) mixing
ratios as well as the B(M\) and B(E2) rates. In par-
ticular, the transitions from the 426.1-keV level, which
take place within the Trg7/2^d^}2 configuration, are well
described by the theory. Less trivial is the good agree-
ment for the transitions deexciting the 529.1 (3^) and
1078.3 (22) levels, which all represent off-diagonal ma-
trix elements. In the first case we have transitions of
the type ng7/2vs~}2 —> ngj/2ud^}2. while in the sec-
ond case they are of the type Trds/2i/d^}2 —> ng7[2ud~}2
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Level *
(keV)

85.6
426.1

529.1

1078.3

1325.2

2268.3

TABLE IV. Experimental transition rates in 1MSb;

Ey
(keV)

85.6
340.5
426.1
103.0
443.5
529.1
549.2
652.3
992.7

1078.3
246.9
795.7
899.0

1239.6
943.1

1190.0

1739.1

1842.2

2182.7

7 Bran-
ching

0.506 '
0.977 '
<0.01

0.097
0.903
0.052
0.061
0.831
0.056
0.424 c

0.0031
0.449
0.098

0.148

0.852

S(E2/M1) b

-0.095(14)
-O.20<<5<0
d

-0.23(23)
-0.07(21)
-0.7(6)
-0.49(8)
d

-0.14(6)
d

-0.22(10)
d

d

d

S(E2/Ml)'h

-0.081
-0.057

+0.054
-0.049
+0.013
-0.099
-0.70
-0.38

-0.019

-0.20

-0.53
(-0.31)
-0.29
(-2.3)

-0.026
(0.42)

comparison

B(Afl)'
( x l O - s ,
2.02(3)
61(7)

>3.4 *
>17.5
4.8(26)
2.2(17)
10(5)

>29

>0.66

>0.09 '

with theoretical
xp B(M1)
i%) (x lO- 3 ,

7.0
28

3.7
40
141
1.8
0.30
3.4

746

10.8

6.7
(100)
27
(2.5)

103
(6.5)

predictions [5].
th B(E2)""
4,) (e'fm*)

36(11)
76(76)
<26

l . l * } 6 ; 4

37(30)
36(23)
8.4(45)
>45
>0.15
>0.17
>0.51

>0.09

B(E2)th

(e'ftn4)
90
11
3.7
14
7.0
1.2
0.84
4.9
7.3
6.5
61
1.4
7.4
12
30
(153)
23
(127)
61
(37)
0.29
(4.9)
0.10
(0.78)

*T1/2 were taken from Table II.
"From Table III for the case / '(g.s.)=4+ .
ca,<,,=0.974, 0.062, and 0.024 for the 85.6-, 246.9-, and 340.5-keV transitions, respectively (from Ref. [4]).
d Ml is not allowed by the spin selection rules; S(M3/E2) = 0.
'S(E2/Ml) has not been determined; assumed dominance of Ml.

(and •nd*,/2vd3}2 —¥ irg7/2
I/sih ^or *ne transition to the

529.1-keV level). In the cases mentioned above we have
single-particle transformations of the 1/S1/2 —* "^3/2 o r

7rds/2 —> Tgr/2 types. Such transitions are forbidden
for M 1-radiation in a model not accounting for config-
uration mixing. Thus a close agreement with the ex-
periment both for the B(£2,M1) and S(E2/M\) values
confirms the validity of our model. Of special interest
is the 2j -> 32 transition to the 529.1-keV level. Here
we have simultaneous proton and neutron transforma-
tions irds/2 ~* 7rff7/2 and "^3/2 ~* " s i / i i respectively.
Without configuration "living this transition is forbidden
both for Ml and £2 radiations. Configuration mixing
"opens" this transition, though its transition probabili-
ties for the Ml and £2 radiations remain small. The
agreement with the experiment, which is demonstrated
in this work, is the most impressive confirmation of the
theoretical scheme and the effective forces used in the
calculations.

Our model predicts existence of three low-lying 1+

states at the excitation energies equal to ~1.5, 2.1,
and 2.4 MeV and having the dominant configurations
of Ttdi/2

l/d^}2, Trgii2vd~}2, and nsi/2>/d~}2, respectively.
The first state may be populated in the spin-flip @~ decay
of 132Sn and corresponds to the 1325.2-keV level in 132Sb

populated with log/t ~ 4.0. As seen in Table IV, this
picture also agrees with the electromagnetic decay prop-
erties of this level. The Gamow-Teller 0~ transitions to
the other predicted levels may take place only due to ad-
mixtures of the Ttd$i2vd^}2, irsi/21/s^L,... components,
having the same n and I quantum numbers for both pro-
tons and neutrons, and must therefore be retarded. The
2268.3-keV level populated with log/t ~ 5.0 is thus one
of these two levels. We adopt this state as the 1J model
state with a dominant configuration of Trg7/3i/d^3. The
theoretical predictions for the case that the 2268.3-keV
level is the l j theoretical state are given in Table IV
in brackets. Neither of the assignments contradict the
experimental B(E2, Ml) rates, but the branching ratios
from the 2268.3-keV level are better reproduced if it has
a dominant xg7/2i'd~*2 configuration.

V. CONCLUSIONS

The structure of 132Sb has been investigated via the
measurements of conversion electron, 77(6) angular cor-
relations, and fast timing 0-yy(t) coincidences. Spin and
parity assignments were made to the low-lying states in
132 Sb largely confirming the tentative assignments given
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before. We have determined eight <S(£2/M1) mixing
ratios, and several B(Ml) and B(B2) transition rates
which have allowed for the first time a critical verifica-
tion of the model predictions by Erokhina and Isakov [5].

The present work has revealed that the properties of
the neutron-rich nucleus 132Sb having a proton particle-
neutron hole pair above the doubly magic 132Sn may be
described on the same grounds as that of the 208Bi nu-
cleus adjacent to the 208Pb core. Our study has thus
established that the classical shell numbers and the ef-
fective interaction remain unchanged for nuclei in this
region as compared to those near the stability line. An

excellent agreement between experiment and the model
predictions is noticed which manifests the adequacy of
the theory employed.
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Study of two-particle multiplets in 134Te populated in the decay of 7~ 134Sb
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The levels in the two-proton nucleus l3*Te populated in the decay of the high-spin isomer of
13<Sb were investigated via fast timing f}~ti{i) and by 77(9) angular correlation measurements. A
considerably more detailed level scheme than previously known, with about 80 transitions and 52
levels, was constructed. Several features of the new structure information on 134Te are interpreted
in terms of specific two-proton multiplets.

I. INTRODUCTION

The doubly closed shell (DCS) nuclei and their close
neighbours are well described by the shell model. Their
properties may be used for detailed tests of model predic-
tions, or alternatively, for providing the empirical input
to the model regarding e.g. the residual interactions and
basic electromagnetic transition matrix elements. The
two-body systems comprising like particles have a par-
ticularly simple structure. Of these, only the two-proton
particle and the two-neutron hole systems are known
to some degree in the 132Sn region. The present work
has considerably extended the knowledge on the two-
proton nucleus 134Te. Accurate information was obtained
about the level spectrum also beyond the first few excited
states, including data on /3- and 7-transition probabilities
and branching ratios.

The decay of the high-spin isomer of 134Sb (JT=7~,
2i/2=10.1 s) has been studied by several authors [1-4].
These works established the main features of the low-
lying, high-spin levels in 134Te. In particular, the ground
state and the first three excited states were identified as
members of the lg\,2 proton multiplet. The next excited
states were interpteted as the 6+ and possibly also the
5+ members of the 197/22^5/2 proton multiplet. (The
1+ and 2+ members of this multiplet were identified [5]
in the decay of the low-spin isomer of 134Sb (J"—0~,
Ti/2=0.74 s ).) However, very little was known on the
structure at higher excitation energy, since (see Fig. 1)
more than 75% of the direct 0 feeding is exhausted by
two strong transitions to the two lowest 6+ states. The
remaining /3 strength is fragmented over numerous final
states, making these difficult to observe due to the weak
feeding of the individual levels. A similar, experimentally
unfavourable, situation exists for the decay of the low-
spin isomer of 134Sb, where the /3 transition to the ground
state accounts for about 90% of the total intensity.

Our present study of the decay of 7~ l34Sb, which in-
cludes fast timing 0-ff(t) and 77(0) angular correlation

measurements, had a markedly higher sensitivity than
previous experiments. A summary of results with empha-
sis on the determination of EZ transition rates in 134Te
has already been published [6]. Here we report on the
details of the experimental work and discuss the results
in terms of two-proton excitations.

II. EXPERIMENTAL DETAILS

The measurements were performed at the OSIRIS
fission-product mass separator at Studsvik [7]. The 134Sb
nuclei were produced through the thermal-neutron in-
duced fission of 1 g of 235U in the OSIRIS combined
target and ion source ANUBIS [8]. The ion-source was
operated in plasma mode at about 2400°C. After mass
separation, the A=134 beam was deposited onto an Al-
coated Mylar tape which was used to remove the long-
lived activities following the decay of 134Sb or obtained
indepently from the ion-source.

A. 7-ray singles and coincidence data, and ax
determinations

Several radioctive A=134 isobars were present in the
beam, necessitating a half-life determination of the in-
dividual 7 rays through a multispectrum scaling (MSS)
experiment. In this experiment, a series of consecutive
7-ray singles spectra were collected as a function of time
from the moment the beam collection was stopped. Both
a large volume (80%) HPGe and a smaller, high resolu-
tion, LEP detector were used for these measurements.

The half-life of the high-spin isomer of 134Sb
(T!/2=10.1 s) is quite different from those of the other
A=134 isobars. The 7 rays following this decay were
thus easily identified using a repetitive cycle comprising
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TABLE I. 7 transitions and 77-coincidence relations in u 4Te following the decay of 131Sb (7~)

E^ (keV)
115.26(19)

172.39(50)
263.24(51)
297.01(15)

328.86(14)
422.00(50)
445.10(30)
487.50(50)
549.22(9)

675.55(80)
706.54(8)

722.56(150)
825.33(100)
830.89(26)
978.33(13)
1022.93(18)
1035.46(50)
1036.10(28)
1085.49(20)
1150.78(12)
1234.56(24)
1243.80(20)
1279.15(12)

1342.54(60)
1391.69(60)
1507.67(23)
1532.81(81)
1562.60(25)
1596.30(80)
1615.48(20)
1634.59(50)
1634.59(50)
1704.76(20)
1728.76(20)
1774.36(21)
1793.08(15)
1868.49(51)
1900.88(26)
1968.49(32)
2004.46(20)
2045.79(202)
2109.57(106)
2164.89(44)
2184.20(50)

I,(%) '
55.4(58)

0.15(4)
0.20(4)

98.9(21)

1.57(26)
0.12(3)
0.28(6)
0.09(2)
2.96(7)

0.20(4)
64.9(15)

0.06(2)
0.31(6)
1.03(20)
0.29(6)
0.91(19)
0.14(6)b

0.24(8)b

0.33(7)
0.98(20)
0.18(4)
0.41(8)

108.0(12)

0.10(2)
0.11(3)
0.14(3)
0.07(2)
0.23(5)
0.09(4)
1.49(25)c

1.20(20)"'
O.26(4)d

0.70(14)
0.70(14)
0.11(2)
3.85(13)
0.10(4)
1.54(16)
0.24(5)
0.57(11)
0.04(1)
0.06(1)
0.08(2)
0.01(1)

Level
1691.42

2726.88
4562.64
1576.16

2726.88
6267.37
4458.43
4810.68
4562.64

5806.41
2397.96

6529.00
6670.98
6267.37
2554.49
6670.98
2726.88
6778.65
5648.00
2726.88
6670.98
5806.41
1279.15

6778.65
5794.49
5806.41
5831.64
7304.79
4323.18
4013.33
5648.00
6197.38
6267.37
5742.09
4501.24
5806.41
7304.79
4298.84
6267.37
4402.53
6059.12
6670.98
4562.64
6197.38

Coincidence relations
297, 329, 549, 707, 831, 1279, 1563, 1615, 1635, 1705, 1729, 1793, 1814,
1901, 2004, 2322, 2711, 2733, 2813, 2866, 2871, 3038, 3397, 3745, 3956,
4103, 4140, 4154, 4188, 4288, 4475, 4576, 4644, 4994, 5042, 5434, 5459
979, 1279, 4188
707, 1085, 1244, 1705, 1901
115, 329, 549, 707, 831, 979, 1151, 1279, 1615, 1635, 1705, 1729, 1793,
1901, 2004, 2322, 2377, 2516, 2624, 2693, 2711, 2813, 2866, 2871, 3038,
3414, 3660, 3745, 3956, 4103, 4140, 4154, 4188, 4315, 4410, 4475, 4576,
4994, 5031, 5042, 5140, 5434
115, 297, 707, 1279, 1596, 1774, 2624, 3660, 4188, 4315
4154
1615, 2322
329, 1596
115, 297, 707, 1022, 1085, 1244, 1279, 1615, 1635, 1705, 2322, 2337,
2377, 2418
2733
115, 263, 297, 329, 549, 831, 1023, 1235, 1279, 1508, 1615, 1635, 1705,
1728, 1774, 1793, 1901, 1968, 2004, 2165, 2516, 2733, 2954, 3038, 3397,
3408, 3414, 3660, 3714, 4103, 4116, 4188, 4288, 4315, 4335, 4410, 4475,
5140
1793, 2322
4154
115, 297, 707, 3038, 3745
172, 297, 1279, 4188
549, 707, 1085, 1615, 1635, 2322, 3956

1729, 2322
263, 549, 1023, 2322, 2871
297, 1279, 1596, 1774, 2624, 3660, 4188, 4315
707, 3038, 3745
263, 549, 1901, 2322, 2871
115, 172, 297, 328, 549, 707, 979, 1151, 1508, 1635, 1705, 1774, 1793,
1901, 2004, 2322, 2337, 2516, 2624, 2693, 2711, 2733, 2871, 3038, 3360,
3414, 3745, 3956, 4140, 4154, 4188, 4315, 4410, 4475
3038
2004, 2711
707, 1279, 1901
1901
115, 1615, 1728, 2322
329, 487, 1151
115, 297, 445, 549, 707, 1022, 1563, 1635, 1705, 1793, 2377
115, 297,(549), 707, 1022, 1279, 1615, 2322,(2871)
115, 297, 549, 707,(1022),1279, 1615, 2322, 2871
115, 263, 297, 549, 707, 1279, 1901, 2322, 2871
115, 297, 707, 1036, 1563, 1615, 2322
329, 707, 1151, 1279
115, 297, 707, 722, 1279, 1615, 2322
3038
115, 263, 297, 707, 1244, 1279, 1508, 1532, 1704, 1968
707, 1901
115, 297, 707, 1279, 1392
2322
549
707
2322



TABLE I, cont. 7 transitions and 77-coincidence relations in " 4 T e following the decay of 13<Sb (7")

E 7 (keV)
2321.86(16)

2336.91(169)

2377.35(55)

2417.22(30)

2515.70(30)

2624.07(80)

2693.49(63)

2711.22(25)

2732.90(25)

2765.50(30)

2812.66(38)

2866.05(30)

2871.30(309

2926.70(38)

2953.52(117

2967.55(87)

3038.40(30)

3396.79(45)

3408.08(88)

3414.00(80)

3660.05(40)

3714.44(30)

3745.00(40)

3956.40(50)

4102.60(40)

4115.70(40)

4140.20(40)

4154.10(40)

4188.30(40)

4287.60(40)

4314.82(40)

4335.30(40)

4409.77(40)

4475.36(40)

4575.90(40)

4643.82(70)

4993.88(40)

5031.60(50)

5041.80(50)

5140.30(70)

5433.70(60)

5458.60(70)

9.03(33)

0.08(2)

0.08(2)

0.29(6)

0.29(6)

0.09(2)

0.11(2)

0.37(7)

0.32(6)

0.16(3)

0.13(3)

0.46(9)

1.22(24)

0.15(3)

0.04(1)

0.06(1)

1.21(24)

0.16(3)

0.11(2)

0.12(2)

0.29(6)

0.15(3)

0.45(9)

0.05(1)

0.43(9)

0.21(4)

0.53(11)

0.71(14)

0.54(11)

0.35(8)

0.27(5)

0.37(7)

0.18(4)

0.17(3)

0.29(6)

0.11(2)

0.27(5)

0.21(4)

0.64(13)

0.35(7)

0.28(6)

0.28(6)

Level

4013.33

6899.55

6940.01

6980.37

6529.00

5351.22

4269.65

4402.53

5130.86

6778.65

4504.08

4557.47

4562.64

6940.01

5351.22

6980.37

5436.39

5794.49

5806.41

7427.33

6386.93

6112.40

5436.39

5648.00

6500.56

6513.66

5831.64

5845.52

6915.18

6685.43

7041.74

6733.24

6807.73

6873.32

6267.37

7041.74

6685.43

6607.76

6733.24

7538.26

7125.12

7150.02

Coincidence relations

115, 297, 445, 549, 722, 1022, 1036, 1085, 1244, 1279,1563, 1635, 1705,

1729, 1793, 1814, 2046, 2184, 2337, 2377, 2417, 2516, 2766, 2902, 2927,

2968, 3415

549, 1279, 2322

297, 549, 1615, 2322, 2871

549, 2322

297, 707, 1279, 2322

297, 329, 1151, 1279

297, 1279

115, 297, 1279, 1392

115, 675, 707, 1279

2322

115, 297

115, 297

115, 297, 1085, 1244, 1279, 1635, 1705, 2377

2322

707
2322

115, 297, 707, 831, 1235, 1279, 1343, 1869

115, 707

707
297, 707, 1279, 2322

115, 297, 329, 707, 1151, 1279

707
115, 297, 831, 1235, 1279

115, 297, 1022, 1279

115, 297, 707

707
115, 297, 1279

115, 297, 422, 825, 1279

115, 171, 297, 329, 707, 979, 1151, 1279

115, 707

297, 329, 707, 1151, 1279

707
297, 707, 1279

115, 297, 707, 1279

115, 297

115, 707

115, 297

297, 1279

115, 297, 1279

297, 707

115, 297

115

'The listed intensities are relative, to obtain absolute intensities multiply by 0.96 [26].
bDue to overlap with the 1036.1 keV 7 ray, the intensity of the 1035.5 keV 7 ray was deduced from a spectrum made from
the sum of projected spectra from gates set on 7 rays feeding the 2727 keV level. The intensity ratio between the 1035.5 and
1150.8 keV 7 rays in this spectrum was used to deduece the relative intensity of the 1035.5 keV 7 ray. The intensity of the
1036.1 keV 7 ray, taken from an ungated singles spectrum, was corrected for the contribution from the 1035.5 keV 7 ray. No
single coincidence peak was observed for the 1035.5 keV 7 ray, but a distinct peak appeared in the mentioned sum-spectrum.
cThe 1615 keV 7-ray peak overlaps the 1614 keV 7-ray in 1 3 4Xe. I7(1615) has therefore been checked against L,(1615) calculated
from the measured 1,(2322) and mean I-,(1615)/I,(2322) ratio (=0.1655) from the 549 and 1793 keV gated spectra. The singles
and 549/1793 gate values are in exact agreement.
dThe 1635 keV 7 ray is a doublet, the intensities has been calculated by comparing the singles intensities with the observed
intensities in the spectra projected from the 549, 1022, 1085 and 1634 keV gates. It is not possible to distinguish between the
observed coincidences for those two 7 rays, the impossible coincidences has been written in parentheses.
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FIG. 2. A 7 ray spectrum recorded for the A=134 isobars.
Some of the strongest transitions have been labelled with re-
spect to isobar and transition energy.

sample accumulation during 15 s, followed by a decay pe-
riod which was divided into 8 sub-gioups of 7 s duration.
The individual 7-ray spectra recorded during each sub-
group of the decay period were analyzed with respect to
the stronger peaks for a direct half-life determination of
these. Weaker peaks were identified by analyzing spec-
tra obtained by adding/subtracting contributions from
different sub-groups in various combinations.

In order to identify very short-lived transitions, a sepa-
rate MSS measurement was performed using a measure-
ment cycle an order of magnitude shorter than in the
earlier experiment. It was verified that the 7 rays fol-
lowing the short-lived decays of 134Sn and 0" 134Sb did
not contribute strongly to the spectra, or interfered with
peaks of interest here. The 7 rays assigned to the high-
spin isomer of 134Sb are listed in Table I. Fig. 2 gives
an example of a 7-ray spectrum recorded using the large
volume HPGe spectrometer.

A cooled Si(Li) detector, placed inside the vacuum
chamber facing the beam collection point, was used for

measurements of conversion electrons. Spectra of both
electrons and 7 rays were recorded simultaneously, again
using a MSS cycle to identify lines following decays with
different half-lives. The OK values obtained for the strong
115 and 297 keV transitions, 0.78(9) and 0.39(4) respec-
tively, confirm the known E2 character of these tran-
sitions. Our 707 keV transition conversion coefficient,
aK = 0.0022(5), is slightly lower than the value 0.0031(6)
reported by Kerek [1]. Both values are compatible with
Ml or E2 multipolarity.

The angular correlation data set (discussed further in
Subsection B) also provided the 77-coincidence relations
needed to construct the level scheme. Specificially, the
data from the two different angular correlation measure-
ments were gain matched and projected into a coinci-
dence matrix of 8kx8k channels. A program which plot-
ted parts of the matrix in three-dimensions (3D) or as
colour-contour maps was then used to manually scan the
matrix for coincidences. The program incorporates a
background subtraction feature which removes most of
the continuous background and the horizontal and verti-
cal "ridges" from the strong peaks. The ability to work
directly with such a matrix enhances the sensitivity of
analysis in comparison to the traditional method, where
spectra are projected from gates set on each peak. Co-
incidences between weak peaks may easily be spotted in
the matrix plots. Likewise, composite peaks are often
more easily separated in the matrix (see Ref [9] for a de-
scription of the program and a discussion of an approach
to the matrix analysis). An example of a coincidence
relationship between two weak lines is the 172-978 keV
coincidence peak (shown in Fig. 3), which defines the
important and previously unknown 4+ 2554 keV level.
Note, that the nearby backscatter ridge can be clearly
distinguished from the 7 peak. Additional examples of
gated spectra are shown in Fig. 4. Such projected spec-
tra were used only as a consistency check of the direct
matrix analysis.

B. if (8) angular correlations

Two independent 77(6) angular correlation measure-
ments were performed, the first with four Ge detectors
(including a small LEP detector) and the second one with
five Ge detectors. In both measurements detectors were
positioned around the source to obtain an uniform an-
gle coverage from 0° to 90° and at distances aimed at
levelling out the different detector efficiencies. In the
four-detector measurement there were 12 detector-pair
combinations covering 6 different angles: <?,= 60°, 90°,
105°, 135°, 150°, and 175°. The correlation function
is symmetric around the angle of 90°, thus the selected
angles $i covered the 0-90° quadrant well. In the five-
detector measurement there were 20 detector-pair com-
binations covering 9 different angles: $i= 41°, 51°, 59°,
88°, 91°, 121°, 138°, 156°, and 180°. The uncertainity in



the angles was typically less than 2°. The best statistics
and accuracy was generally obtained in the four-detector
measurement. However, three of the correlation points
were unavailable for 7 cascades incorporating 7 rays with
E7 > 2 MeV. This was due to the LEP detector's poor
efficiency at such energies.

The data points were fitted to a standard angu-
lar correlation function [10] for a two 7-ray cascade

(Ii-^-»l2-^-»l3) with no alignment of the initial state and
with the following free parameters: Si, 62 (and occasion-
ally the detector efficiencies), where the multipolarity
mixing ratio S, is related to the intensities of the two
lowest multipolarities allowed in the transition as:

(1)1(1)

For the sign of the mixing ratios we use the convention
of Krane, Steffen, and Wheeler [11], while the solid an-
gle corrections were obtained following the procedures in
Ref. [12].

The analysis was done separately for various possible
spin combinations, with both, just one, or none of the two
i's involved in a cascade as varying parameters. In the
five-detector experiment the analysis was done both with
the detector efficiencies as free parameters and fixed to
values measured off-line. No discrepancies were observed
between the results from the two analysis approaches. In
the four-detector experiment the efficiencies were treated
as free parameters. For details of the analysis techniques
see Ref. [13]. The deduced 6 mixing ratios are tabu-
lated in Table II. Several examples of analysed cascades
is shown in Fig. 5.

TABLE II. Mixing ratios, £, deduced from angular correlation measurements on 131Te.

Data set*

4D
5D
M

5D
4D
5D
M
4D

4D

5D

4D

5D

M

4D

4D

5D

4D

4D

5D

M
4D
5D
M

4i!i2ii^o
4iii2

l-2^0
4£9T> 212790

5i£i6^6
5 3 M I 6 T O T I 6

329 , . 7 0 7
0 >O >V

4229 t6_707>6

gi^.9^6
82^9^6

8-^-+9—>6

8—>9—>6

8—^9—>6

7—^9—^6
7^9«226

7^9l£lSg
7179392322g

7l!?i92£226

71793923226

1793 2322
P ' •> y • - - 1 p

81793g23«6

Fixed or

*1279=0.00

£l279 =0.00

£297 =0.00

£329=0.3(1)

£329=0.5(3)

£329=0.4(3)

£329 =-1.2(14)

£M 9 =0.14(6)

£ 5 « =0.0(1)

«549=0.12(5)

£s« =0.10(11)

£M9=0.11(12)

£549=0.11

£649=1.5(10)

£549 = 1.5

£549 = 1.5

£i793=0.06(ll)

Si,93 =0.05(20)

£1793 =0.06(23)

£1793 =-0.35(9)

£1793 =-0.33(16)

£1793 =-0.34(18)

deduced £ b c

£297=0.01(3)

£297=-0.01(3)

£297=0.00(4)

£115 =-0.04(2)

£707=0.0(2)

£707=0.0(2)

£707=0.0(3)

£707=-9(18)

£2322 =-0.1(2)

£2322=0.0(6)

£2322=0.00

£2322=0.00

£l615=0.1(5)

£2322=0.00

£2322 =-2(3)

£i6i5=21(371)

£2322 =0.00

£2322 =0.00

£2322 =0.00

£2322=0.00

*Data taken from the four detector experiment are marked with "4D", data from the five detector
with W5D". Where appropriate, the mean value between the two experiments was calcualted and
are marked with "M".

Transition energies are given in keV.
cIf no standard deviation are given, S has been kept fixed (in the analyses one or both of the 6ys
may be kept fixed, or both may be deduced at the same time).



FIG. 3. A 3D plot of a section of the total 77 coincidence
matrix showing the coincidence peak between 172 and 979
keV 7-tays.
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C. Half-life measurements

The fast timing (}-n{t) method [14-16] was used to
measure level life-times down to a few tens of ps. In this
method, the time between a j3 particle and a 7 ray is mea-
sured with two small scintillator detectors (a NE111A
plastic and a BaF2 crystall, respectively, mounted on
Philips XP2020 URQ fast photomultiplier tubes), which
provide FWHM timing resolution of about 130 ps at
£.,=1.3 MeV. Due to the poor energy resolution of the
scintillation detectors tiipple-coincidences with a high
resolution Ge detector ate used to select a particular
decay path through the level scheme. Thus the spec-
tra observed by the scintillation detectors are drastically
simplified. By using a thin scintillator for the energetic
/9 rays encountered in the decay of 134Sb, the p detec-
tor becomes a AE detector and provides a constant time
response with respect to (S energy.

Lifetimes long-enough to be observed as slopes on the
time-delayed side of the timing spectra are measured
by the slope deconvolution technique. Short life-times
(down to a few ps) are measured by the centioid shift
technique [14]. Here, the mean life r (T = 7i/2/ln 2) of a

FIG. 4. Examples of spectra from the coincidence matrix
projected from all possible detector combinations from both
angular correlation experiments. The 328 and 549 keV gates
has been projected using a background gate subtracted from
the peak gate. For the 2322 keV gate the matrix background
has been subtracted from the peak gate, notice how most of
the smooth continium disapears. The overestimated back-
ground at the low energy end is due to difficulties in calculat-
ing the background in the gated singles spectrum.
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FIG. 5. Examples from the analysis of the measured angular correlations: a) and b) The 297 -» 1279 cascade seen in the four
detector experiment. These results are from gating the 1279 and the 297 keV peak, c) Analysis of variations in S for different
possible spins for the 329 -» 707 cascade. The value of 6707 for each spin sequence was taken from analyses were both 6329 and
£707 were varied until a minima between the deviation between the measured correlation and the model correlation function
was obtained. £707 was then kept constant at this value durring the search for the optimum value of S323. Data are from the
four detector experiment for this plot, d) The deduced and measured angular distribution for the 115 —• 297 cascade. Data
are from the five detector experiment, e) The analysis of the 1793 - • 2322 cascade, with 62i22 = 0.00 and I58O6 = 7: Data are
from the four detector experiment, f) The angular distribution for the cascade in e) with I5806 = 7 and 8.

level directly f3 fed is given by the difference between the
centtoid of the delayed time spectrum and the prompt
centroid of the same Ey. When the level of interest is
fed by a 7 ray from a higher-lying level the mean life of
interest is given by the difference between the centroid
shift of the spectrum gated by the deexciting 7 ray and
the centroid shift of the spectrum gated by the feeding 7
transition.

The prompt and delayed time spectra must be mea-
sured concurrently in order to maintain identical con-
ditions in the face of small but persistent drifts of the
electronics. The calibration process involves "prompt
points" ot "reference points" which are internal to the

decay and serve to renormalize the relative prompt curve
(prompt positions as a function of 7-ray energy) mea-
sured separately [14-16]. This demands a carefully cali-
brated system of fast timing detectors. The time calibra-
tion of the prompt positions vs. BaF2 energy were ob-
tained using several sources with known level life-times.

The results of the life-time measurements are given in
Table III. Note that the half-life for 1691 keV level is
different than the half-life measured by Blomqvist et al.



TABLE III. Experimental level half-lives for 13<Te.

Level
Energy
(keV)
1279.2
1576.2
1691.4
2398.0
2726.9
4012.6
4298.8
4562.6

r

2*

4?

«J5t9f
(7~)
8"

T,/2

Previous
(ns)

<0.17 b

1.50±0.13 b

165±3 c , 196±7 d

Tl/2*

Present work
(ns)

1.28±O.1O
164±1
<16 ps
<20 ps

0.703±0.026
<16 ps
<20 ps

'These results were adopted in further analysis, except for the
1576-keV level for which the average value of T1/2=1.36±0.08
ns has been used.
bFrom Ref. [27].
c An averaged value from a few results from the 134Te IT decay,
from Ref. [28].
dFrom 13<Sb &~ decay [4]. This result is likely affected by a
systematic error, see Ref. [29].

III. THE 1S4TE LEVEL SCHEME

The low energy levels of 134Te form a strikingly simple
pattern. Most of the levels up to about 4 MeV fall into
groups corresponding to different configurations of the
two valence protons. The structure should, and does,
resemble that of 210Po [17], which is the only other known
two-proton nuclide having A > 50. The simplicity of the
low energy structure as given in Fig. 1 is further enhanced
by the selective population by 0 transitions of certain
levels. A somewhat more complete picture is given in
Fig. 6, which also includes the corresponding two-proton
states of 2 1 0Po. A comparison of these two nuclei is of
importance for the interpretation of the present data, as
discussed later.

The spins and parities of the first four excited states
of 134Te and of the 0 decaying high spin isomer of 134Sb
were established by Kerek et al. [1], on grounds of their
experimental data and on arguments based on system-
atics. The conclusions of these authors are supported
by later studies, including the present one. Our angu-
lar correlation data are fully compatible with a 4-2-0
cascade between the three lowest leveb (including the
ground state). Furthermore, these data are in close, but
not perfect, agreement with the 6-4-2 cascade formed by
the 115 and 297 keV transitions. The problem seems to
be of an experimental nature, being caused by a combi-
nation of the finite lifetime of the 4+ level, 1.28 ns, and
the low energy of the 115 keV transition. Both these fac-
tors may introduce larger than expected uncertainties in
the analysis of the angular correlation data. We found
e.g. empirically that all cascades going through the long

lived, 164 ns, 6+ state gave isotropic correlations due to
the action of hyperfine fields on the Te nuclei.

The decay scheme of Fig. 1 includes values of log/i
obtained using the tables of Gove and Martin [18], and
a total /3-decay energy of 8.3 MeV. The intensities of
the 0 transitions were deduced from the 7-ray intensity
balance for the given levels, and may be considerably in
error for levels with a weak population. We have not tried
to estimate the possible magnitude of additional feeding
of low lying levels by unobserved 7 rays from the many
weakly populated states at high energies.

A. The s? /2 and 57/2^5/2 multiplets

The present decay scheme, Fig. 1 exhibits two levels
below 3 MeV in addition to those reported by Ref [1],
The higher lying one, at 2727 keV, has previously been
tentatively assigned as 5 + by Meyer et al. [2]. We observe
with certainty a significant 0 feeding of this state, imply-
ing a spin of 5 or higher. The angular correlation data
for the 329-707 cascade strongly favours a spin J=5 for
the 2727 keV level, see Fig. 5c. The alternative of J =6 is
ruled out with a high degree of confidence. Other values
of the spin would be in disagreement with the observed
7-ray branching and with the level lifetime. The level
may thus only be taken to represent the 5+ member of
the ffr/2^5/2 multiplet.

The new level at 2554 keV is populated significantly
only by a 7 transition from the 5+ level. Assuming
a Ml multipolarity for this transition, one finds nearly
equal B(M1) strengths from the 5+ level to the states at
2398 and 2554 keV. Although not conclusive evidence,
this datum suggests very strongly that the three levels
near 2.5 MeV (Fig. 1) actually belong to the same mul-
tiplet, with the level at 2554 keV being the 4+ member.
The identification is strongly supported both by the lack
of alternatives, and by a comparison with the empiri-
cally observed multiplet splitting in 210Po, Fig. 6. The
corresponding Jm o r-2 states are located approximately
midway between the Jmax and Jmax-1 in both the two-
proton nuclei. This is to be expected from the similarity
of the two-body matrix elements of the respective con-
figurations. As pointed out by Blomqvist [19], there is
a close correspondence between the l32Sn and 208Pb re-
gions. Each single particle state (n, I, j) at 132Sn corre-
sponds to the state (n, l+l, ; + l) at 208Pb, with generally
the same level order in the two regions.

Our present lifetime limit for the Jmai-1 5+ level at
2727 keV implies that the Ml transitions to the lower
lying multiplet members are hindered by less than a fac-
tor of about 50 with respect to the Weisskopf estimate.
Such relatively high transition rates are typical for intra-
multiplet transitions, further corroborating the identity
of these states. The Ml branching of the inter- and intra-
multiplet transitions is of the same magnitude in 134Te
and 210Po, with one important exception. The 5+ to
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6j transition in 134Te has only about 15% of the Ml
strength of the competing 5+ to 4J" transition. A simple
picture based on configuration admixtures between the
two lowest multiplets would predict near equality of the
strengths of these transitions, or a greater strength in
the 5+ to 6* transition. A possible explanation for the
anomalous Ml blanching has been ottered by Heyde et
al. [20], who considers a more complete form of the Ml
operator. Lacking precise information on absolute tran-
sition rates, we can at the moment not perform a detailed
comparison with these theoretical results.

The major part part of the 0 strength in the decay of
the 7~ isomer of 134Sb is carried by the first forbidden
transitions to the two lowest 6+ states, see Fig. 1. The f3
decaying state is the 7" member of the Trg7/2t/f7/2 mul-
tiplet, making these first forbidden transitions analogous
the vfr/2 —» T97/2 and 1̂ /7/2 —» rds/2 transitions in the
decay of133Sn. The presence of an additional J77/2 proton
in the final state of 134Te for the first mentioned transi-
tion quenches the strength considerably, as compared to
the situation in 133Sn. The detailed analysis performed
by Chon and Warbuiton [21], shows that a very signifi-
cant part of the /? strength to the 6+ gy2 state is actually
due to the approximately 8% admixture of 57/2^5/2- The
analysis of Ref. [21] also predicts a /3 feeding of 0.85%
for the 5+ state at 2727 keV, in fair agreement with our
experimental value of 1.3%.

B. Levels above 4 MeV; the 57/2̂ 11/3 multiplet

A few levels at higher energies were marginally ob-
served by Meyer et al. [2] and were discussed by Heyde
[20] as representing the g7/2^ii/2 and ^/2^n/2 config-
urations. The higher sensitivity of the present work led
to the identification of a large number of excited states
above the energy of 4 MeV. The two-proton multiplets
mentioned above are by no means the only states ex-
pected at energies of 4-5 MeV. This region should also
show some more complex states resulting from a coupling
of the valence protons to collective or other states of the
132Sn core, as well as additional two-proton excitations
involving the S1/2 and £3/2 orbitals.

The level at 4013 keV is an yrast trap having a half life
of 703 ps. The level is strongly indirectly populated by 7
transitions from higher lying states. The possible direct
feeding by a j3 transition may have zero intensity within
the experimental uncertainty. The level life time shows
that the decay to the two 6+ states may only be by re-
tarded M2 or enhanced E3 radiation. Shell model calcu-
lations, as well as the analogy with 210Po, proposes that
this level may only be the 9~ level of the g7/2hu/2 con-
figuration. Drawing further on the analogy with 210Po,
we propose that the level at 4563 keV, decaying strongly
to the 9~ state, is the 8~ level of the same multiplet.
The angular correlation analysis agrees fully with these
values of the spin, but fail (see Table II) if the upper level

is taken to have J=7. The E3 decay of the 9" level has
been discussed in detail elsewhere [6].

Both the shell model calculations [20,22,23], and the
analogy with 210Po, suggest that the highest lying mem-
ber of the ?7/2^n/2 configuration should be the Jmax-
1=8~ level. The level may decay by strong intra-
multiplet transitions to the 9" (discussed above) and
7~ states. These fast transitions are only to a small
degree influenced by possible configuration admixtures.
The observed branching by the 263 keV transition is thus
a strong argument for assigning the 4299 keV level as the
7~ member.

The /3 transitions from the 7" parent state of 134Sb to
the 6~,7~ and 8~ members of the 37/2^11/2 configuration
are in principle of allowed GT type, but are nevertheless
forbidden since they involve the transformation of a /7/2
neutron to a ffu/2 proton. The corresponding single par-
ticle transformation in the decay of 133Sn is known [24] to
have a log/t of > 7.9. The higher excitation energies of
the final states of 134Te gives rise to some configuration
admixtures, which increase the /9 transition rates consid-
erably. The observed values of log/1 for the 7" and 8~
states are in the range of about 6.5-7. Assuming a similar
value of log/f also for the feeding of the 6— state, and as-
suming that the shell model calculations correctly predict
a small separation of the 6~ and 8~ levels, we tentatively
assign the level at 4557 keV as the 6" multiplet member.

We mentioned previously that the observation of intra-
multiplet transitions forms a strong basis for the identifi-
cation of multiplet members. The branching of the inter-
multiplet transitions is, however, not always reliable for
this purpose as exemplified below.

The E3 decay of the 9" state is allowed to the final
states in both of the g7/, and the 97/2^5/2 multiplets.
We found E3 rates of similar magnitude for these transi-
tions, which actually are somewhat enhanced by admix-
tures from the core octupole phonon. The M2 decay of
the 8~ state should be hindered by f-forbiddeness for the
transition to the 6^ level, which agrees well with our ob-
servation of a relatively weak branching. The transition
to the 6J" level corresponds to the allowed hu/2 to 97/2
M2 in 133Sn. Our limit of the level half life in 134Te shows
that the 2871 keV M2 is hindered by less than about an
order of magnitude with respect to the Weisskopf esti-
mate. The transition rate in 133Sn is not known. The
analogous 113/2 to hg/2 M2 transition in 210Po is known
[25] to be very fast with a B(M2) of about 0.27 W.u.
Turning now to the 7~ member of the gT/2^11/2 mul-
tiplet, we find that El multipolarity is possible for the
inter-multiplet transitions. To first order, these transi-
tions would be once and twice /-forbidden, respectively
for the 6j" and 6j final states. Experimentally, we find
that the latter transition dominates, which thus is con-
trary to expectations. There is no reason to doubt the
7~ assignment, however, since these forbidden transitions
are due to very minor components of the wave functions
and therefore are difficult to predict. The fact that El
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TABLE XV. Experimentally deduced reduced transition rates in 1 4Te compared with theoretical
predictions [22,23].

Level E-,
(keV) (keV)

'" B(Ml)"1 B(E2)"P B(E2)"1 B(E3)"
:10~3 &) (e2/™*) (xlO3 e 2 /

1576
1691
2398
2727
4013

297
115
707
329
1615
2322

a

0.0(3)
0.4(3) >55

173(11) 168
83.6(12) 75

9.1 17.8
62 3.30

8.6(15)
4.1(2)

*Ml is not allowed by the spin selection lules.
bLower limit for B(M1) under the assumption that the transition predominantly is Ml.
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210 Po
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1473.3 42.6 ns
1426.4 1.53 ns

FIG. 6. Selected levels of the two-proton nuclides n i T e and 210Po, shown to illustrate the structure similarities discussed in
the text.
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transitions, although forbidden, may depopulate multi-
plet levels having J=7 or lower is also a likely reason
that no intra-multiplet transition is observed from the
proposed 6~ member at 4557 keV. Additional members
of the ffr/2^11/2 multiplet are difficult to identify due ta a
weak population. The level at 4323 keV may possibly be
the 5" multiplet member, although there are no reasons
in favour of this identification except the analogy with
the multiplet splitting in 210Po.

In their analysis of the first forbidden j3 strength of
1MSb, Chou and Warburton [21] predicted that the 5+
member of the ^7/2^3/2 should be populated with an in-
tensity of about 0.21%. In the case of pure configurations,
this 5+ level should decay strongly with an allowed spin

flip Ml transition to the 6+ state. These characteristics
are largely fulfilled by the 4403 keV level which is very
tentatively assigned 5+ for these reasons.
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The effective charges and octupole collectivity in the 132Sn region
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A measurement of B(E3) in the two-proton nuclide l34Te has been made, giving the first empirical
value of the effective proton octupole charge in the neutron rich doubly closed shell region at 13JSn.
It is demonstrated that the effective E2 and E3 charges can be used to derive the core phonon
strengths in 132Sn and 206Pb. The octupole charge and the corresponding phonon strength were
found to be substantially lower at 132Sn than at 208Pb, thus confirming long standing theoretical
predictions of a weak octupole collectivity in the heavy Sn region.

21.10.Ky, 21.10.Re, 21.60.Cs, 23.20.Js, 27.60,+j

The properties of the low-lying excitations in the few-
nucleon systems at or near doubly closed shells (DCS) are
of fundamental interest as they ate simple to interpret
and may be well described within basic theoretical mod-
els. The most notable recent progress in the studies of
such systems aie the experimental and theoretical inves-
tigations of the nuclei near 100Sn [1] and 132Sn [2] which
represent exotic far-off stability DCS regions that nev-
ertheless are amenable to direct investigation. Further-
more, they nil a critical gap in the systematical properties
for the DCS systems, that exists for the medium-heavy
nuclei, between the other well studied cases of A<56 and
the 208Pb region. On the neution rich side, detailed stud-
ies of the 132Sn region have recently been made possible
[2,3] due to improvements in the target and ion-source of
the OSIRIS fission-product mass separator at Studsvik

The shell gaps at 132Sn are large, giving this DCS nu-
cleus an exceptional "stiffness" with respect to excita-
tions. Consequently, the question about the collective
properties of the low lying states is of particular inter-
est. In the study of 132Sn populated from the decay of
132In, the first excited 3J" state at 4351.9 keV was firmly
identified [2] as collective, thus confirming the long stand-
ing theoretical predictions [5] that one of the lowest-lying
states in this nucleus would be due to a surface octupole
vibration. The unresolved issue, however, is the degree of
collectivity, which is predicted [6-8] to be substantially
lower than in 208Pb. The much higher excitation energy
of the 37 level in 132Sn (4352 keV) than in 208Pb (2615
keV) may support these predictions. The issue can be
resolved, however, by studies of excitations in the nu-

clei neighbouring 132Sn. The octupole collectivity at a
DCS is a global property that enters with some fractional
strength in several types (in terms of the quasi-particle
structure) of Ei transitions in the few-particle systems of
the region. Bergstrom et al. have nicely illustrated this
point in their extensive systematics of B(EZ) rates near
208Pb [9]. An experimental B(E3) rate in a dose-lying
nucleus, whose structure is simple, could thus provide
a direct measure of the E3 collective strength at 132Sn.
Yet, prior to this work, no such rate has been measured in
close vicinity to 132Sn, nor would a particular fractional
collective strength observed at 2OePb be appropriate in
the 132Sn region, because the octupole (or quadrupole
for that matter) strength of a particular transition is
linked to the local structure in terms of single particle
and phonon energies. The strength may be conveniently
parametrized by the use of effective charges, ecff(EX),
which incorporate the local structure effects. Properly
derived, these effective charges give a direct measure of
the EX strength in a particular region. By necessity, the
derivation process makes the effective charges model de-
pendent to some degree. A consistent application of the
same model is thus needed for intetcomparisons between
different regions of the nuclear chart. The model used
must include a proper description of the polarization of
the DCS core nucleus, in terms of virtual EX transitions
between the major shells. For the quadrupole case, the
rather high energies of these virtual transitions, which
for parity reasons mainly have to cross over an inter-
mediate shell, result in a weak coupling to the experi-
mentally observed transitions. In this case, the effective
charge derived at a particular transition energy will in-



deed practically correspond to the static (i.e. reduced to
zero transition energy) value of ecfj(E2). The situation
is very different in the octupole case, where the polariz-
ing virtual EZ transitions mainly connect adjacent shells,
and thus have much lower energies. An adiabatic treat-
ment is then no longer possible. A derivation of the static
EZ effective charges therefore relies critically on a correct
description of their energy dependence.

In this Letter we describe an experimental and theo-
retical study of the two-proton excitations of 134Te, ad-
dressing the issue of quadiupole and octupole phonon
strength in the 132Sn region. The main part of the the-
oretical work, a description of the model, the calculated
level spectrum of 134Te and the electro-magnetic proper-
ties of the positive parity states, has been published be-
fore [10]. Here, the theoretical work has been extended
to also include the octupole transitions.

Measurements were performed at the beam deposition
point at the OSIRIS mass separator. The levels of 134Te
were populated in the j3 decay of 7~ 134Sb. After mass
separation, the A=134 beam was deposited on an Al-
coated Mylar tape, which sequentially removed the long-
lived activities that followed the decay of 134Sb. Ex-
periments included 7-ray singles, 77 coincidences, and
yi(6) angular correlation measurements, as well as half-
life measurements using the fast-timing /?77(t) method
[11]. The latter method was crucial for obtaining the
transition rates discussed here. The method utilizes co-
incident 7 transitions observed in a Ge detector to select
a particular decay path through the level scheme. The
time between the occurrence of a 0 particle and a 7 ray
in this decay path is then measured with two small scin-
tillator detectors (one plastic and one BaF2, mounted on
ultra-fast Philips XP2020 URQ PM-tubes). This method
allows even weak decay branches to be studied due to the
"filtering" effect of the high resolution Ge-detector gate.
The fast-timing results are presented in Table I, while the
delayed coincidence time spectrum due to the half-life of
the 9" level at 4012.6 keV is shown in Fig. 1.

TABLE I. Experimental level half-lives for m Te .

12 13

Time (ns)
14 15 16 17 19 20

Level
Energy
(keV)
1279.2
1576.2
1691.4
4012.6

I*

2*
i+

9r

T1/a

Previous
(ns)

<0.17 b

1.50±0.13 b

165±3 c, 196±7 ""

T,/,'
Present work

(ns)

1.28±0.10
164±1

0.703±0.026
4These results were adopted in further analysis, except for the
1576-keV level for which the average value of ̂ 2 = 1.36*0.08
ns has been used.
bFrom Ref. [16].
c An averaged value from a few results from the 1MTe IT decay,
from Ref. [22].
"From 1MSb /3" decay [17]. This result is likely affected by a
systematic error, see Ref. [18].
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Fig. 1: The time distribution of delayed coincidences
between radiation feeding and deexciting the 4012.6 keV
9- level of 134Te. The level half-life was determined by
fitting a single decay component, as shown. The 7-rays
feeding the 4012.6 keV level have shown no half-lives long
enough to influence the value obtained.

Previously, only a few of the excited states in 134Te
were known from their population in the decays of the
high-spin J*=7~ and low-spin J*=0~ isomers of 134Sb,
see Refs. [12-14]. The present work established 52 levels
interconnected by about 85 transitions. Some spin as-
signments and multipole mixing ratios were determined
from the yy(0) angular correlations for the strongest
transitions. Details regarding experiments and results
are given elsewhere [15].

Blomqvist [7] has pointed out that each single par-
ticle state (n,l,j,) at 132Sn has a corresponding state
(n,i+l,j+l) at 208Pb, with generally the same ordering
and similar spacings. This results in a close similarity of
some properties in the two DCS regions. The single pro-
ton states of interest here are well separated in these re-
gions. Consequently, the lower-lying levels of both of the
two-proton valence nuclides 210Po and 134Te (see Fig. 2)
are split into three separate groups, each of which is char-
acterized by a specific two-proton excitation. The higher
angular momenta of the single-proton states at 208Pb al-
lows for additional multiplet members in 210Po. Other-
wise the structures of 134Te and 210Po are remarkably
similar.

The lowest two groups in 134Te are members of the
lg%/2 and 197/22^5/2 proton states, respectively. All
members of these two multiplets have positive parity and
have been identified in this work or in the work of Fogel-
berg et al. [14] except for the 3 + state of the l?r/22d5/2

configuration. Although, the lifetimes of the 6+ and 4+
levels (members of the lff2y2 configuration, see Table I)
have been previously measured [16,17], the results for the
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Fig. 2: Empirical level stucture of the two-proton nuclei in the 132Sn and 2O8Pb DCS regions. The data for 134Te
are from the present work and Refs. [13,14], while the data for 210Po are from the compilation by Browne [23]. The
figure includes all known levels below 4.6 MeV in 134Te, but not all details regarding their deexcitation. Levels below
3 MeV belong to the l 9

2
/ 2 and lff7/22<25/2 configurations, while some states above 3 MeV have the configuration

lff7/2l^n/2- This latter identification is certain for the 9~ level at 4012.6 keV. For 210Po, only the levels belonging
to the corresponding \h\/2, I/19/22/7/2, and Ifc9/2l»i3/a configurations are shown. The close correspondence between
structure details in the two DCS regions is evident from the figure.



Sy state were found to be inconsistent.
Our remeasured lifetime for the 4+ state does agree

with the previous result (see Table I), while our lifetime
for the 6̂ " state confirmed one of the previous results. As
discussed elsewhere [18] the second result [17] was most
likely affected by an incorrect time calibration and should
be disregarded.

In the next group of levels (see Fig. 2) there are neg-
ative parity states from the l?7/2l^n/2 configuration,
which are expected above the 197/22^5/2 multiplet and
separated from it. The 9~ member of this multiplet has
been unambiguously identified in the present study at
4012.6 keV. It deexcites to the 6J" and 6 j states via E3
transitions for which the B(E3) rates have been mea-
sured in this work.

which are expected above the lff7/22ei5/2 multiplet and
separated from it. The 9~ member of this multiplet has
been unambiguously identified in the present study at
4012.6 keV. It deexcites to the 6^ and 6 j states via E3
transitions for which the B(E3) rates have been mea-
sured in this work. Thus, we have well-defined E2 and
E3 transitions in 134Te between states expected to be
rather pure. These may serve for a derivation of the
quadrupole and octupole effective charges. Furthermore,
their analogous counterparts in 210Po give the means to
directly compare these two DCS regions.

For the theoretical description of 134Te we used the
particle-particle RPA method described earlier [19,20].
This method does not take into account the particle-
hole (phonon) vibrations of the core in the neutral chan-
nel and the corresponding admixtures to single parti-
cle states, and thus requires effective matrix elements
which depend on the energy of the emitted 7-quanta.
Consequently, the EX transitions of moderate energy w7

(uiy <C w>(core)) should be parametrized by introduction
of an effective charge that characterizes the nuclear po-
larizability with respect to vibrations of corresponding
multipolarity. (Here and in the following, the vibrations
of the core are denoted by a>\.) By comparing the exper-

imental values of B(E\) for low energy transitions be-
tween states with the same number of quasipartides (in
the present case: two-quasiparticle states) to those cal-
culated in the framework of our method, we may define
the values of electric quadrupole and octupole charges.

In the E2 case, the low energy 6f — 4j (a>7 = 115.1
keV) and 4 j -> 2+ (w7 = 297.0 keV) transitions in 134Te
are the most appropriate for this purpose. They connect
states of high purity in the lgy2 multiplet. Using the
B{E2) values from Table II we found that for both tran-
sitions ee//(E2)«s 1.9|e|. This result is close to the value
for nuclei adjacent to 208Pb which is about 1.5 - 1.7 |e[
[21], in agreement with the conclusions of Blomqvist et
al. [17]. _

The situation regarding the octupole transitions in
134Te resembles that for nuclei close to 208Pb, where
Bergstrom et al. [9] have observed three main groups of
E3 transitions. The fastest ones, with uy ~ u3- (208Pb)
are due to the conversion of an octupole phonon into
E3 radiation and are characterized by a reduction of the
quasiparticle number by two. The transitions in the sec-
ond group correspond to a single-particle transformation
of the type H13/2 —• 2/7 /2 and are relatively fast. Those
from the third group correspond to a transformation of
the type H13/2 —< I/19/2 and are thus retarded due to
spin-flip. (Since the E3 operator does not contain spin
variables, its matrix elements for spin-flip transitions are
small.) The transitions in the second group are suitable
for an evaluation of the octupole effective charge, using
our particle-particle RPA method, for the dual reason
that they are less influenced by uncertainties in the nu-
clear structure calculations, and because of their low en-
ergies. A low transition energy is essential for a reliable
extrapolation to the static case. The model describing
the energy dependence of the radiative matrix element
need then include only one intermediate octupole phonon
in the treatment of the interaction between a quasiparti-
cle and the surface vibration. Using data for the 208Pb
region, Table II, we obtain an eetf(E3,uy ~ 0.7 MeV) of

TABLE II. Effective charges and B(EA) transition rates in 13*Te and 210Po.

Nuclei

lJ1Te

21°Po

7-transition
(keV)

297.0
115.3

1615.5
2321.9

245.3
46.9
83.5

661.2
1292.2

4* -*2f

9," ~ <
9f -»6+
A+ iO +
*1 Z l

•f-4?
8+ - » 6 ^

Multi-
polarity

El
E2
EZ
EZ
E2
E2
E2
E3
E3

SP
Transformation

I97/2 —» I97/2

I97/2 - • I97/2
1*11/2 —> 2 d 5 / 2

1*11/2 -* I97/2

1*9/2 —* 1*9/2
1*9/2 —• 1*9/2

1*9/2 —• 1*9/2
l i 1 3 / 2 _ , 2gT/i

l«13/2 —* 1*9/2

B(E\y
(W.u.)
4.3±0.3

2.05±0.03
8.0±1.3
3.8±0.2

4.55±0.15
3.01±0.12
1.10±0.05
19.7±1.1
3.71±0.10

Effective
Charge"
1.83±O.O5
1.9O±O.O2
1.90±0.17
3.25±0.10
1.75±0.03
1.72±0.03
1.66±0.04
3.14±0.10
4.54±0.09

' The m P o data was taken fcom the compilation by Browne [23]
b The effective charges have been reduced to "static" values, i.e. corresponding to w7=0



about 3.3je|, which reduces to eeff(E3,uy ~ 0) w 3.1 |e|
in the static case.

In 134Te we have identified two EZ transitions, both
from the 9" (4012.6 keV) level. The first one, which
feeds the 6^ (1691.2 keV) state, is weak, while the sec-
ond one, going to the 6j (2397.7 keV) level and having
a small (compared to a>3- (

132Sn) = 4.35 MeV) value of
!oT, is fast. Neglecting for a moment the correlations, the
first transition can be described as {I57/2,1/111/2)9- —*
{lff7/2> 197/2}$+ with a spin-flip single particle transfor-
mation of the type lfen/2 —» lff7/2. giving retarded £3
radiation. The second transition involves the single par-
ticle transformation lhn/2 —• 2d5/2 between the configu-
rations {137/2, l^ii/2}9- —* {l?7/2i 2^5/2)6+. and is the
most appropriate for defining the value of octupole ef-
fective charge for the reasons mentioned above. From
the comparison of experimental and theoretical data we
obtain eeff(E3;uy ~ 1.6 MeV) = 2.0|e| which gives
ecff(E3;uy ~ 0) = 1.9|e| for the static case.

The octupole effective charge is thus about 60% larger
at 208Pb as compared to 132Sn, which in itself indicates
that the octupole strength differs by about a factor of two
for these regions. A more quantitative estimate of the
electric quadrupole and octupole transition rates from
the one-phonon states of 132Sn to the ground state may
be obtained using the model for nuclear surface vibra-
tions and our values of the effective charges. The result-
ing transition rates are 11 and 15 W.u., respectively. For
208Pb, a similar procedure gives estimated El and E3
phonon transition rates of 13 and 30 W.u., respectively,
as compared to the experimental values of 8.2 and 34
W.u. The near agreement lends some credibility to the
values presently derived for 132Sn. One should note that
the presently studied E3 transitions carry a substantially
larger proportion of collective strength than the E2 case.
Our empirically based derivation of the phonon strength
in the core nucleus should thus be more reliable for oc-
tupole than for quadrupole transitions. This is perhaps
also reflected in the published [6,8] results of RPA cal-
culations for 132Sn, which both agree very well with our
B(E3) of 15 W.u., but give lower values in the range 2
to 7 W.u. for the B(E2) from the first 2+ state.

In summary, we have derived the static proton oc-
tupole charge at 132Sn from new experimental data and
found this quantity to be markedly lower than at 208Pb.
Using this empirical value for a subsequent estimation
of the octupole phonon transition rate, we confirm the
predictions of a relatively weak octupole collectivity at
132Sn.
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Abstract
A concept has been developed enabling PCs to handle large coincidence matrixes, thereby enabling last, interactive

analysis of 77-coincidence data without the need for intermediate sorting of list-mode data. The analysis can be done either
the traditional way, by gating on a range of channels, or by working directly with the matrix, viewed in two or three
dimensional plots. The program can easily be extended to provide for specific needs and/or tastes and will work on a large
range of computer hardware and peripherals.

1. Introduction

Data from experiments where two or more detectors are
configured to trigger on coincidence events usually result
in huge event-by-event data files (often described as "list-
mode" data). The experiment can then be analyzed in
different ways by reading the list-mode data and only
accepting events satisfying certain conditions ("gates"),
called "sorting" the data. If the experiment is complex,
this sorting can be very tedious due to the time needed to
repeatedly read and process the data. Methods to reduce,
or even eliminate, the time used in sorting are therefore in
demand. The obvious way to reduce the sorting time is to
preprocess the list-mode data files, thereby reducing the
amount and complexity of the data.

The aim of the program described here, Yggdrasil ', is
to enable the analysis of -/-/-coincidence data in "real-
time", i.e. making the results from a sorting available as
soon as the gates have been set. This enables the user to
adjust the gates until the best results emerges in one,
uninterrupted working session. The program runs with
ample speed on ordinary PCs 2 and is fairly simple to use
and adopt to data from different experiments.

Sorting the data into a matrix is a very efficient way to
eliminate the time needed to repeatedly read and process
the list-mode data. Unfortunately, the matrixes involved
are very large and thus difficult and slow to handle on a

PC. Therefore list-mode data have so-far been sorted
event-by-event when processed on PCs. Larger computers,
with more memory, large disks, and more suitable operat-
ing systems, have been successfully used to sort 77-coin-
cidence matrixes directly (see e.g. Refs. [1,2]). However,
they tend to be targeted at special hardware and/or soft-
ware (special graphics workstations, special graphics pack-
ages, special graphics output devices, etc.). The program
described here is more general, written for the Microsoft
Windows PC environment. It requires no special hardware
or software apart from what is typically found on a PC
used for list-mode data analysis. As the program runs
under Windows it is easy to install and use, requiring no
special printer or screen drivers. Exploiting the capabilities
of the Windows environment, Yggdrasil is capable of
displaying/plotting data on most screens and printers sup-
ported by Windows. However, a high resolution (better
than standard VGA) screen is highly recommended.

This article primarily describes the concepts enabling a
PC to handle 77-coincidence data in "real-time". It is not
meant as a "users guide" to Yggdrasil, although the main
features will be described. If enough interest in Yggdrasil
is encountered, a users guide and on-line help will be
developed. Until then, potential users can contact the
author for guidance and help, if needed.

2. Requirements

1 A Dame from Norse mythology.
2The term "PC" in this article implies computers using the

Intel 80x86 family of processors.

Multi-parameter, list-mode data from nuclear physics
experiments come in a wide variety. Writing a program for
handling all possible cases is virtually impossible, so some

0168-9002/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved
SSDf 0168-9002(94)01055-2
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presumptions must be made about the data and the storage
format. If the ADCs used have 13 bit wide data buses (the
normal case), a two-dimensional matrix for storing events
from a pair of ADCs must have 8192 columns and 8192
rows. If the highest number of equal events (events gener-
ated with equal sets of channel numbers) is less than 64k
(64k = 65536), then each matrix cell can be represented
with a two-byte, unsigned integer (word). The matrix size
will then be 128 Mb. If more than two detectors are used,
or a TAC is added, the n-dimensional matrix will be far to
large. Therefore it is required that the data must be prepro-
cessed so that they can be stored in a 8k X 8k matrix. In
most cases this requirement can be accommodated: For
instance, in ^-coincidence measurements with multiple
detectors, the data can be energy calibrated and reduced to
two parameters. Different matrixes can be generated for
different TAC gates. If the relationship between the detec-
tors are important (e.g. different angles) a matrix can be
generated for each detector pair. Thus, a complex experi-
ment can soon lead to a large number of matrixes, each
requiring 128 Mb.

Assuming the program can handle the 128 Mb ma-
trixes, the requirements for storage space can be accommo-
dated either by the use of an eraseable magneto-optical
disk (typically 650 Mb storage per disk) or by compression
of the data. The matrixes are highly compressible: By
using the ZIP utility from the INFO-ZIP group [3] a
compression of about 95% was obtained, reducing the
storage requirement of each matrix to less than 6.5 Mb.
Thus, a typical PC used for measuring and/or analysing
list-mode data will be able to handle the storage require-
ments generated by the matrix analysis approach without
additional equipment. However it is necessary to have
enough storage space for at least one single, uncompressed
matrix.

A functional Windows system will run on a PC with at
least 4 Mb random access memory (RAM). The matrix
handling algorithm described here will work on a 4 Mb
system, but will be better off on a system with more RAM.
No demands are set on system speed, but for frequent use
a minimum of a 486SX running at 25 MHz should be
applied.

695
100 110 120 130 140

710

705

700

695
150 160 170

Fig. 1. Example of three-dimensional, "n-coincidence data plots, made possible when the total coincidence matrix is available. Plots like
these can be generated on screen or hard copy nearly instantly at the push of a button. The inserted plot shows the matrix without the
background subtracted. The channel numbers corresponds to energy (keV). The data is from a current study of the "4Sb (3-decay [6].
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3. Handling a 8k X 8k matrix on a PC

Different storage schemes have been tried where the
"sparseness" of the typical 77-coincidence matrix have
been exploited (a sparse matrix mostly consists of zeros
and only non-zero cells are stored). However, as the
background builds up in experiments demanding good
statistics, the sparseness is reduced to a degree where the
time used for handling the sparse matrix outweighs the
advantages. A more direct approach is to handle the matrix
as an array of 8k "spectra" 8k long. Each time a given
matrix cell M(i,j) is needed, the entire column CU) is
loaded into memory (if not already there). A list of loaded
columns is maintained, the maximum number of columns
in memory depend on how much RAM the user wants to
use for "buffering" the matrix. When the list is full and
further column space is needed, the first loaded column is
flushed from memory (or stored back into the matrix if
altered). With this method, only large data blocks (16 kb)
are involved in disk read/write operations, making the
transfer of data between disk and memory very efficient.

Usually the matrix is read sequentially in a given
direction. Since the entire column is loaded the first time a
cell within this column is accessed, traversing a matrix
column only requires one disk read. If the number of
different columns accessed in a given operation is less than
the maximum number of columns Yggdrasil is allowed to
store in memory at once, no further disk access is needed
when the columns have been loaded. This makes it possi-
ble to quickly explore a range of columns without waiting
for intermediate disk access.

As a performance indication, the time to draw a 3D
picture (as in Fig. 1) of a matrix section was measured on
a PC with a 486DX2 processor, running at 66 MHz. Such
a section covers 81 columns x 31 rows, therefore 81
columns were loaded from disk the first time the picture
was drawn. The difference between the time it took to
draw the 3D picture the first and second time was due to
disc access and were found to be 3.0 s. Thus, to load a
single column from disk took about 37 ms. Projecting a 10
channel wide (column) gate took 4.5 s.

4. Yggdrasil features

Yggdrasil was written in Turbo Pascal for Windows [4],
exploiting the modularity and easy program development
made possible by objects. In the Windows environment,
the program is hardware independent, enabling it to be
used in a wide variety of situations at different cites
without need for recompilation or alterations.

The need for visualization of the data was a strong
motivation for the development of Yggdrasil. In ordinary
•y-ray spectroscopy, one is accustomed to graphic displays
of spectra, peak-fits, etc. With a graphic display, it is easy
to assess the performance of the analysis program and to

spot flaws in the analysing software. Graphic display is
normally not accessible in -v-y-coincidence analysis. For
instance, a common problem like back scatter peaks must
be deduced from peak shapes and the "negative" peaks
generated from the background subtraction process. In the
matrix, however, back scatter phenomena can immediately
and unambiguously be spotted as "ridges" running at 45°
through the matrix (see Fig. 1). Another common problem
in traditional coincidence analysis occurs when -y-rays are
so close in energy that contaminated projections may pass
undetected. When displayed as a matrix, those coincidence
peaks will often be clearly separated. A good example of
such a case is given by Bergstrom and Ekstrom [1]. The
sensitivity is also enhanced when using the matrix analysis
approach.

Furthermore, some powerful analysis techniques exist
demanding access to the whole matrix. One such technique
which can be used with Yggdrasil, is the possibility to
subtract the background from the whole matrix, leaving
only the photopeaks. This is especially useful when it is
difficult to obtain suitable background channels near the
peaks of interest. The method is thoroughly described by
Palameta and Waddington [5].

4.1. Background subtraction

The background subtraction will only work for sym-
metric matrixes, i.e. when M(i,j) = M(j,i). The back-
ground BkdJ) for matrix element M(i,j) is then given by

/('>O) f(j)b(i)
(hl) LKJ) £*(;>

where spectrum / is a smooth fit to the continuous back-
ground under the peaks in the projection P, given by

P(i) = P(j) = £j t f ( i , ; ) .
;'

The set K specifies background channels (rows/columns
without peaks) and consists of those 1 where the difference
between P(i) and /(i) is considered to be zero within
statistical error. The spectrum b is the "universal coinci-
dence background spectrum", generated from the formula

ye/c

Further details are given in Ref. [5]. The background for
any matrix element M(i,j) can be quickly calculated when
the spectra, / and b, and the sums in Eq. (1) have been
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generated. This process takes about half an hour (on the
PC mentioned in section 3), but only needs to be done
once. Afterwards, the background can be subtracted "in-
stantly" from the matrix before a plot or projection is
made. The spectra and parameters calculated in the back-
ground estimation are stored on disk between sessions. The
possibility to switch between viewing the matrix with or
without the background can be very convenient in difficult
cases. Fig. 1 gives an examples of the difference between
viewing the total matrix and the background subtracted
matrix. Notice how the background subtraction process
removes most of the horizontal and vertical "ridges", but
not the backscatter ridges.

4.2. Peak analysis

The power of an ordinary PC (with a 80x87 math
coprosessor) is more than adequate for most peak fitting
algorithms. Thus, when the matrix and its corresponding
background is available, it is easy to implement peak
analysis options. Currently, Yggdrasil utilises a simple
algorithm for estimating the volume and position of single
peaks, but more powerful peak fitting tools can be added if
necessary.

Yggdrasil also projects spectra from an "ordinary"
gate on a given set of channels, optionally subtracting the
background. The channel limits for the gates can be keyed
in directly or selected by pointing with the mouse. After-
wards the limits can be altered and the change in the gated
spectra viewed at the push of a button, thus enabling
interactive "tuning" of the gates.

4.3. Data formats

In the present version of Yggdrasil there are two ways
to transfer -y-y-coincidence data from an experiment into
the program: Either by converting the data directly into a
Yggdrasil matrix or by letting Yggdrasil generate the
matrix from list mode data. In most cases the easiest way
will be to let Yggdrasil read the list mode data. Yggdrasil
assumes the list mode data to be formatted the following
way: Each ADC is assigned a unique number between 0
and 7, stored in the three most significant bits of the
two-byte word carrying the ADC conversion result. The
data stream from the ADCs are continually stored as they
are fetched from the ADCs. The events, consisting of a
number of words, are separated by a "zero-word", a word
generated by ADC zero. Words following a "zero-word"
all belongs to the same event, the end of the event is
marked by the start of the next event (i.e. when the next
"zero-word" is encountered in the data stream). This is
illustrated in Fig. 2. Yggdrasil assumes that the list-mode
data has been energy calibrated, this is usually done in a
preprocessing step. The list-mode data are thus symmetric
and each coincidence pair processed will increase the
count in matrix position M{i,j) and M(j,i). Optionally, a

event n . . event n+1 event n+2

1

1 0 3 1 0

I

2 i 3 0 3 1 2 Q

— ADC identification number
, (3 most significant bits)

ADC channel number (puls height)
(13 least significant bits)

Fig. 2. The list-mode data format Yggdrasil uses. Words belong-
ing to the same event is grouped between two "zero-words", a
word with the three most significant bits set to zero. The "zero-
words" can either be generated from electronics triggered by the
coincidence gate signals or by an ADC which will always trigger
(e.g. the ADC handling the TAC, since the TAC always triggers).
Notice that the events need not consist of a fixed number of
words, they can come in any order, and that only ADCs which
have triggered are stored.

gate can be set on the TAC (ADC zero) when loading the
data into the matrix. The matrix is generated section by
section, each section consisting of the maximum number
of columns Yggdrasil is allowed to load into memory at
once. The loading is therefore time consuming and conve-
niently done overnight.

It is possible to store the matrix more efficiently, but
always by losing speed and versatility. If the matrix is
always demanded to be symmetric (as it will be when an
event M(i,j) increases the count in cell M(i,j) and
M(j,i)) only elements Af(i,j) where i<,j, need to be
stored, saving 64 Mb storage space for each matrix. The
disadvantage with this is a more complicated swapping
scheme and the loss of the possibility to load a whole
matrix column in one, quick read operation. The time for
"sorting" gates would therefore drastically increase, since
elements in the part of column i with i > j would have to
be loaded from location M(j,i) and not from M(i,j)
(when sorting, all elements in the gated columns are added
together to form the count in channel j in the gated
spectra. The gate is normally only 5-15 channels wide,
thus the column index only runs over a few channels,
while the row index, ;', runs from 0 to 8191). This forces
the sorting algorithm to traverse the matrix in the row
direction when i > j , thereby loading column after column
just to access a few elements from each. Therefore, in
Yggdrasil, storage space has been freely used to optimize
program performance.

5. Conclusion

The primary goal of developing a program which can
analyze coincidence data fast and without intermediate
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sortings has been achieved. With any part of the matrix
easily available through function calls, it is easy to extend
the programs capabilities further. This enables small com-
puter users to exploit analysing options previously only
available on larger computers running more advanced op-
erating systems and often specialized hardware.

Acknowledgements

The author would like to thank P. Hoff for helpful
comments on the manuscript. Support from the Nansen
foundation and affiliated funds are gratefully acknowl-
edged.

References

[1] M. Bergstrom and P. Ekstrom, Nucl. Instr. and Meth. A 301
(1991) 132.

[2] A. Oberstedt and F.-J. Hambsch, Nud. Instr. and Melh. A 340
(1994) 379.

[3] The various ZIP utilities is written by individuals doing it for
fun, communicating on the internet. The authors are collec-
tively know as the Info-ZIP group, the group can be reached at
the e-mail address: info-zip@wkuvxl.wku.edu.

[4] Turbo Pascal for Windows, version 1.5. Borland International.
Inc. 1800 Green Hills Road, P.O.Box 660001, Scotts valley,
CA 95067-0001, USA.

[5] G. Palameta and J.C. Waddington, Nucl. Instr. and Meth. A
234 (1985) 476.

[6] J.P. Omtvedt et al., to be published.


