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Abstract

The develop}pent of powerful hgavy-ion accelerators and multi-detector systems had a
strong impact on y-ray spectroscopy. Via heavy-ion fusion-evaporation reactions one can

produce very high-spin nuclear states. The highly excited nuclei then emit— generally a large
number of y-rays, and the spectrum measured is a combination of different nuclear reaction
channels. Consequently, y-ray singles spectra are too complicated to identify transitions at
high spin which are usually weak. Therefore, multi-detector with high resolution, good
detector response and good efficiency are required to investigate such spectra. Some of the

multi-detector arrays are therefore discussed in this work.

With the help of multi-detector systems high-spin states of nuclei have been studied in

different mass regions. The mass A ~ 80 region is one of them where a number of

interesting features have been observed, and this work is also devoted to this region. Hence,

experimental and theoretical reviews of this mass region ts included.

In the data analysis part a singles spectrum obtained from an in-beam measurement at 90°

via the 'Li + Se fusion-evaporation reaction at 35 MeV is analyzed with the software
package GANAAS. The energies and intensities of y-lines of selected nuclei obtained from
GANAAS fits are compared with published data, and most of the lines that are accessible

from the singles spectrum are found to be in a good agreement with other results.




Introduction

High-spin states in nuclei have been investigated extensively during the last years, and a lot
of inieresting phenomena have been observed. Fascinating progress in this new field has
been made possible by the essential developments on exciting and detecting the high spin
states in nuclei. Several types of nuclear reactions and processes have been explored to
search for the best way of transferring a large amount of angular momentum to the final

nuclear system. Such a transfer can be expected in nuclear reactions initiated by energetic
heavy-ion (HI), A = 4, projectiles. Fusion reactions and multiple Coulomb excitation have

appeared to provide most efficient ways of populating high-spin states.

After the compound nucleus is formed, an equilibration process distributes the energy over
all nucleons, some of which can be emitted. Mostly, several neutrons are emitted from such
a highly excited nucleus. In general, not only neutrons but also charged particles can be
emitted from a highly excited nucleus. A state populated by a particle that is emitted last is
called an entry state. The set of all entry states forms the entry region. The y-radiation
emitted is composed of discrete and continuum y-rays. In the discrete energy region, at fow
excitation energy, the level density is low enough to enable observation of electromagnetic
transitions as resolved lines in the y-ray spectrum. With increasing excitation energy,

however, the level density increases, creating many pathways for the y-rays which constitute

a " continuum " in the spectrum.

With the possibility of studying experimentally very high-spin states using HI beams, new
techniques have been developed to detect the de-exciting y-rays. Enhancement of those

y-rays with respect to the background has been achieved by using multi-detector systems.




Sinwltaneously with the vast increase of experimental data on high angular phenomena a
certain level of understanding has been achieved in the structure of the underlying nuclear
motion. The nuclear motion is characterized by an intimate interplay of collective and

single-particle degrees of fieedom,

The first extreme to produce angular momentum is collective rotation. In this case many -

if not all - nucleons participate in the collective process. That is, the rotational motion
involves coherent contributions from many nucleons. Each nucleon carries a small angular
momentum and all these small amounts add up to the total angular momentum, which can
be very large. This type of motion is observed for deformed nuclei, i.e. those characterized
by a non-spherical spatial distribution of the nuclear density. A schematic example of a
prolate nucleus rotating around an axis perpendicular to the nuclear symmetry axis is shown

in Fig.1.(a) (see [Twi89]).

a b |

Fig. L Two different modes of rotation generating angular momentum. (a) Collective rotation of a
prolate nucleus, (b} particle alignment in an oblate nucleus.

The second mechanism, the single-particle motion, is likely to exist in spherical or weakly
deformed nuclei. Here the alignment in the individual nucleonic orbitals along the nuclear
symmetry axis appears to be the only possible mechanism of building up the high angular

momentum. This type of motion (often referred to as a non-collective rotation) is illustrated




schematically in Fig.I.(b). In this case a few valence nucleons move in an oblate averaged
potential and populate orbitals with positive angular momentum projections on the
symmetry axis. Since the density distribution of aligned configurations is maximal in the
plane perpendicular to the angular momentum axis, one obtains for valence particles slightly

oblate shapes with the symmetry axis parallel to the angular momentum.

The different types of rotation, and the corresponding shapes, can be recognized
experimentally from the level scheme of the nuclei. In the case of collective rotation the
spacing between the levels has a regular sequence. Therefore, the excitation energy E' and
the spin 1 is often a smooth one and, for spins that are not too high, E' can be approximated
by E' ~ T (I + 1). The corresponding states with increasing angular momentum are called
rotational bands. The lowest energy of a given angular momentum is called the yrast state.
The sequence of all yrast states {represented in the E' vs I plane) is called the yrast line.
One such example having regular sequences of states is '“*Hf {Cha83]. In contrast, for
single-particle rotation the decay scheme is irregular and complicated by isomeric states.
Excitation energy and angular momentum are generated by single-particle motion;
therefore, the corresponding yrast sequence is characteristic of a system that continuously
changes its configuration, The resulting yrast energy spectrum represented as a function of
angujar momentwm forms a considerably irregular sequence — no 1 (I + 1)- rule obeyed
locally. However, the yrast line produced by such non-collective rotation obeys on the
average an I (I + 1) rule over a large interval of angular momentum. For example, one such

type of nucleus exhibiting an irregular decay scheme is '"'Gd [Bak82).

Certainly, collective and non-collective (or single-particle) rotations are only extreme cases.

Both structures can coexist in the same nucleus, and most nuclei combine both types of




motion. It is this interplay between collective and single-particle motion that makes the
behaviour of nuclei along the angular momentum co-ordinate so fascinating and so rich in
variety. A typical example exhibiting both types of motion is '¥Dy [Kho78]. At very high
angular momentum th-e difference between the two excitation modes becomes less and less
pronounced, since at very high spin all orbitals tend to align their angular momenta

completely, regardless of the kind of rotation.

The aim of this work, in addition to reviewing the in-beam gamma-ray spectroscopic studies

of the mass A = 80 region, is to analyze data obtained in an in-beam measurement via the

fusion-evaporation reaction 'Li + **Se. The singles spectrum of y-lines obtained with a single
Ge-detector is compared with those obtained using an array of detectors. The software
package used to analyze the spectrum is GANAAS (Gamma Spectrum Analysis, Activity

Calculations and Neutron Activation Analysis).

The first section describes some important in-beam y-ray measurements using beams of
heavy ions. Detector requirements to push discrete y-line studies to high spins and different
multi-detector arrays in order to meet this requirements and present trends of in-beam y-ray
spectroscopy is discussed in this section. De-excitation processes of highly-excited nuclei

are described in section two. The third section deals with the results of an in-beam y-ray

spectroscopic study in the mass A = 80 region. Experimental and theoretical findings, such

as high spins and large deformation, in this mass region are discussed here. The fourth
section is devoted to the analysis of the y-spectrum obtained in an in-beam measurement of
the reaction 'Li + “Se. Comparison and discussion of y-lines with published data is done in

this section. Finally, conclusions are drawn from the results of the data analysis.




1. Experimental Review of In-Beam Gamma-Ray Spectroscopy

1.1. Methods of In-Beam Gamma-Ray Spectroscopy With Heavy lons

The aim of in-beam y-ray spectroscopy is the measurement of the characteristics of y-rays
emitted in nuclear reactions, the deduction of the properties of nuclear levels, the
determination of the nature of excited states, and finally comparison with theory. To do this
one has to carry out various measurements on the y-rays. In the present section we will

discuss some of the methods used in nuclear-structure and reaction mechanism studies.

Excitation Functions. In a HI fusion-evaporation reaction, as a result of the emission of
differenf particles we get various final products. Therefore, the study of excitation
functions tor each reaction channel is important. The energy dependence of the
cross-section for any specific nuclear reaction, for instance-A (HI, Xn) B, is called
excitation function. If these functions are known, one can select the incidence energy in
order to remove the number of open reaction channels, or the cross-section of one or a few
reactions are at maximum, while other channels are strongly suppressed. This way one is

able to reduce the complexity of the y-ray spectra obtained in the in-beam measurements

[Joh75].

A higher energy of the projectile also results a transfer of larger angular momentum and
shifts the spin distribution of the final nucleus to higher spin values. The feeding into the
yrast states will therefore occur at higher spin values and transitions between high-spin

states will become more frequent than low-lying transitions. A comparison of the change of




the relative intensities of transitions attributed to a certain nucleus as a function of projectile

energy can therefore indicate the spin values involved [Joh75].

Angular Di-str-ibutions. In a compound-nuclear reaction the projectile brings orbital
angular momentum to the compound nucleus. Taking the beam direction as the axis of
quantization, for spherical target only m = 0 states will be populated, i.e. the total angular
momentum vector of the compound nucleus is aligned in a plane perpendicular to the beam
direction. Deviations may arise from the spins of the projectile and the target nuclei. The
emitted neutron;s carry away only a few units of angular momentum (sec. 2.3). The neutron
evaporation process will influence the initial alignment only slightly and just cause a small
broadening of the population of the m-state. The y-rays emitted from the final nucleus

show characteristic angular distributions with respect to the beam axis, which can be used

to determine the multipolarity of the emitted y-rays.

Lifetime Measurements. Many different techniques have been developed in order to
measure lifetimes of excited states in various time range [Fen86]. For lifetimes larger than
about 1-3 ns, well-defined beam pulses from an accelerator can be used for lifetime
measurements. A cyclotron, tor example, can be designed so as to produce a pulsed beam

with ~ 100 ns (100 MHz) between the pulses, with a FWHM of about 1-3 ns.

The majority of the nuclear levels that decay by y-ray emission have lifetimes of the order
10™s to 10™. This time region is experimentally covered by two methods, namely the

Doppler-shift attenuation method (DSAM) and the recoil-distance method (RDM). These
methods cover the time range 10™s < 1 < 10"'s and 10™"s < © < 107, respectively [Pel82).

The mam difference between the RDM and the DSAM is the time scale to which the nuclear




lifetimes are compared. In the RDM the time scale is established by means of the time the
excited nuclei with speed v need to travel over a certain distance (where they are stopped in
times short compared to the flight). In the DSAM the nuclear lifetime is compared to the
time in which the excited nucleus with initial speed v is slowed down in solid material. Both
techniques are based on the Doppler effect. That is, the y-rays emitted from a moving

nucleus will have an energy shift given by, considering only the first order terms in v/c,

E; = Ep(1 + Zc0sB), (1.1)

where E, is the shifted y-ray energy, E, is the energy of y-ray emitted by a nucleus at rest,

c is the velocity of light, 8 is the angle of y-ray emission relative to the recoil direction. How
the two methods are used for lifetime measurements is discussed in the following

paragraphs.

Important components of the apparatus used in RDM measurements are the target and the
stopper which are usually positioned perpendicular to the beam direction and which are

separated from each other by a distance d. The target has to be thin enough for nuclei
produced in the target to recoil into vacuum. The intensity [, of the y-ray with
Doppler-shifted energy and the intensity 1, of the y-rays emitted atter the nuclei are stopped

are related to the distance d, for a pure radioactive decay with lifetime 1 , by

Ted) = Il 1 - exp(-< (12)

and

Is(d) = Toexp(- & (13)




where I, = [, + I is the total number of y-rays emitted. The ratio R between the stopped
intensity I; and the total intensity 1, is
/ I
Rid) = oxp(-h) = exp(- D (1.49)

where t. = d/v is the flight time. Thus the measurement of R(d) as a function of d allows 1

to be determined if t is of the order of t,.

On the other hand, nuclear lifetimes of the order of 107"y < t < 107 "'s can be determined

by means of the DSAM. The method basically consists of comparing the nuclear lifetime
with the time in which a nucleus is stopped in solid material. The y-rays that are emitted
during the slowing down process, i.e. at times smaller than the stopping time, say t4(v), are

shifted in their energy according to Eq.(1.1). On the other hand, all nuclei decaying at times
t = t, (v), will contribute to an unshifted line at E = E-,n- Thus in case a nucleus in a

particular state is produced at time t = 0 with well defined initial velocity v, the ratio of the

intensity of the unshifted line to the total intensity is given by

R(v) = exp(—ﬁ%’l), (1.5)
which allows to determine its lifetime t if t, (v) is known and of the order of t. Depending

on the stopping material and the initial recoil velocity the stopping times range from

5x10™"s to Sx10"s [Pel82].

y-y Coincidence Measurements. The first problem to be solved in discrete y-ray

spectroscopy using HI reactions is to enhance the transitions to be studied by suppressing

unwanted reaction channets and by selecting the gamma cascades of interest. The usual and




certainly the cleanest method is to perform y-y coincidences measurements employing two
or more Ge-detectors and to record y-spectra in coincidence with one of the characteristic
transitions in the residual nucleus. Thereby one does not only prove that a certain y-ray
belongs to the decay scheme of the residual nucleus, one simultaneously selects those
cascades feeding and depopulating the states connected by the gating transition, which is an

important prerequisite to place the y-lines in the level scheme.

Therefore, the stronger argument for a certain level structure is normally based on y-y
coincidence measurements [Pel82}. By studying the relative intensities in the coincidence

spectra, the position of the excited states in the sequence can be established.

1.2. Detector Requirements and Scolutions for In-Beam Measurements

The advent of powerful heavy-ton accelerators had a strong impact on gamma-ray
spectroscopy. In heavy-ion reactions one can produce nuclei in states carrying very high
angular momenta. The nuclei emit generally a large number of y-rays in order to get rid of
the excitation energy and angular momentum it acquires during the heavy-ion collision,
Furthermore, a large number of residuals with comparable cross-sections will be formed.
Consequently, the y-ray spectra are very complex. On the other hand, nuclear spectroscopic
studies were often limited by either insufficient energy (or time) resolution or insufficient
statistics, or both. Recently high-resolution and high-statistics y-ray systems have become
available in order to push discrete y-line work to high spins [Twi89, Dia86]. The primary

requirements for high-spin studies are high energy resolution, good detector response, and
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good efficiency. Some solutions for these requirements are discussed in the following

paragraphs.

Lithium-drifted or intrinsic germanium detectors are now commercially available providing
the highest energy resolutions of 1.5-2.0 keV at 1.0 MeV and photo peak efficiencies of
more than 30% relative to a 3" X 3" Nal(TI) detector. The high energy resolution of
Ge-detectors is particularly important for in-beam measurements where thelspectra are
usually too complicated. In contrast to the measurements with Nal-detectors, measurements

with Ge-detectors isolate most of the lines even in such spectra (Fig.1.1)

1 T Nal (T
o a,6f P
= 3
o e
o 60 ¢
¢ A
E-
4.44
]
.24 n;nu a:m ANE uh&hn-’é'
Ge (L)
L
TLi+ %28e
3.8

ochannel

Fig. 1.1. Comparison of an in-beam spectrum from the reaction 'Li + ¥Se measured with a
Ge-detector and the *'Co spectrum measured with a Nal detector. The energy interval in both cases
is the same. The line below the peaks s the fitted background.

Ge-detectors cover the energy range from typically 50 keV to several MeV photon energy,
while y-ray transitions of still Jower energy can be recorded in Li-drifted or intrinsic silicon

detectors. Modern y-ray systems are therefore based on array of such detectors . The reason




to use an detector array is explained as follows. If two y-rays fall nearly on the same point
(within the 2 keV resolution), they can not be resolved by a single detector. The y-rays
obtained from fusion-evaporation reacttons are usually not single events; rather they are
members of a cascade and, therefore, are in coincidence with the other members. If two
(or more) detectors are used, then coincidence measurement may serve to resolve them.
The number of resolvable y-lines can be increased by increasing the number of detectors.
Therefore, it is always advantageous to use multi-detector arrangements as close as possible
to the target, in order to favour higher-order coincidences so that effective resolution can
be achieved. In addition, heavy-ion tusion-evaporation reactions are not very selective in the
production of the final nucleus. Different final nuclei can be formed by evaporation of
different particles, such as neutrons and protons, and the number of nucleons evaporated

can vary. The use of a multi-detector system allows to select a specific channel {Twi89].

The second requirement is to have a good response, e, every y-ray that strikes the
detector should result in an output signal proportional to the original y-ray energy. A
Ge-detector does not fulfill this requirement very well. The relatively low atomic number (Z
= 32) and moderate density (5.33 g/cm’) results mostly in Compton scattering. Witha 5 x
5 cm Ge-detector (approximately 20% efficiency of a 7.6 x 7.6 cm Nal detector for 1.33
MeV y-rays ) a 1.33 MeV y-ray has an absorption probability of ~ 3/4 and a peak to total
(P/T) ratio of 15-20%. This means that ~ 1/4 of such y-ray do not interact at all with the
detector, and that of those that do, only 15-20% contribute to the full energy peak. In a
double coincidence measurement, only 2-4 % of the events obtained are good full-peak
events, the remaining 96-98% are unwanted garbage. This is a very undesirable situation.

Therefore, modern y-spectrometers use Compton-supression shields around the
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Ge-detectars. For this purpose large Nal, say 20 x 25 ¢m, and/or BGO shields are applied.

The material has a chemical formula Bi, Ge,O,, .

Fig. 1.2. Outline of the anti-Compton BGO shielded Ge-detector | Dia86 |

The Compton scattered y-ray, labeled v’, is lost if there is no shield surrounding the
Ge-crystal (see Fig.1.2). If this shield is made of a scintillator which is sufficiently dense to
stop y-, then the output of the photomultiplier tube gives a signal. This signal is essentially
due to the Compton events orginating in the Ge-detector. By putting this pulse produced
by the scintilator shield i anti-coincidence with the Ge-detector signal it is possible to
reject the Compton events produced in the Ge-detector. Therefore, only Ge-events in which
there is no event in the shield are accepted. This gives a remarkable improved peak to total
ratio. The scintillator used for such a shield has to be dense enough to stop the

Compton-scattered y-rays.

Instead of Nal shields bismuth germanate (BGO) shields are widely used. The BGO shield
offers a great advantage over Nal. The material is considerably denser (7.13 g/em’) and of
higher average Z , so that it has a y-ray absorption length 2 1/2 times sinaller than Nal (with

density 3.67 g/em’). This means more compact shields, so that more Compton-supressed
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detectors can be placed near the target to measure higher-order coincidences with good
statistics. Putting Compton-supression shields around the Ge-detectors helped to get a
tremendous improvement in the Ge-detector response. To have some feeling how
significant is the improvement [Dia86]: the peak to total ratio for *“Co above a 300 keV
threshold improves from ~ 20% with the bare Ge-detector to 50-70% with a BGO shield.
For coincidence experiments this makes an enormous difference. For example, with bare
Ge-detectors 20% of P/T ratio full energy triple coincidences are only 0.8% of the events,
so that triple coincidences could not be measured with unshielded spectrometers. But with
50% P/T ratio, 12.5% are full-energy events, therefore, triple coincidence measurements

can be done.

The system efficiency involves the question of how many Ge-detectors at what distance
from the target should be placed. Minimizing the distance between the Ge-detectors and the
target will increase the counting rates and hence the system efficiency. Good statistics is
always vital, but if higher count rates are utilized, then care must be taken to identify and
ignore signals which are amplitude shifted due to pile-up. A major signai-to-noise
degradation can occur if the Ge-detectors are placed very close to the target in order to
increase the solid angle and thus data rate. This will result in two unwanted effects; one is
y-ray summing in each individual detector; the other is an increase in the magnitude of

Doppler broadening for detectors near 90" to the beam (product recoil) direction.

Doppler broadening must be considered for each nuclear system studied as the effect can be

quite large in (HI, Xn) reactions, where the recoil velocity attains several percent the speed

-t

of light. For example, in a typical case , ~ 180 MeV ™Ar on '**Sn, the recoiling compound

nucleus has a velocity ~ 2.5% that of light. The first order Doppler shift for a y- ray emitted




by such a moving source is given by Eq.(1.1). So for & near ¢* or 180° the Doppler shifts
are quite large, 25 keV for a | MeV y-ray (for our reaction, 35 MeV 'Li on *Se, the
corresponding Dopler shift is about 3 keV). But the Doppler broadening due to the finite

opening half-angle ¢ of the detector [Dia86]

AE r .
E :2%sm93m¢) (1.6)

is qﬁite small, < 0.5 keV for ¢ = 9.5" . On the other hand, for angles of 8 near 90° , the

Doppler shift becomes small, but the broadening becomes a maximum (see Eqs.(1.1} and

(1.6)). For the example, ‘—\% = 0.8 % or 8 keV broadening for a | MeV line. Such a smearing

of the energy ruins the resolution of the detector, but can be reduced or avoided altogether
under certain conditions. For example, if such a product nucleus recoils out of the target
into a lead or gold backing, it will stop within several picoseconds (ps). If the photons are
emitted after stopping (v = 0), there will be no Doppler shift or broade;ning. Thus, nuclei
that have some slow, mostly non-collective transitions in their de-excitation cascades can,
and do, take picoseconds to de-excite and do not present a problem. But if the y-transitions
are fast, something has to be done to alleviate the Doppler broadening; the detector must be
moved away from the detector, or a collimator must be used, or both, in order to decrease
the detector opening angle, and thus broadening. However, since we would like also to
increase the system efliciency the detectors positions should not be too far from the target.
To reconcile these differences one has to try and find an optimum position, so that to get
increased system efficiency and at the same time minimized Doppler broadening. Besides
the continuing effort to improve the detection system, there are already different
multi-detector arrays designed to help the different requirements and push discrete y-line
studies fo high-spin states. Some of the multi-detector arrays are discussed in the next

section.
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1.3. Modern Trends of In-Beam Gamma-Ray Spectroscopy

All heavy-ion induced fusion-evaporation reactions end with different residual nuclei formed
by evaporation of ;iifferent number of particles. As a result the singles y-spectra are very
complicated. On the other hand, the study of the y-decay from very high-spin states
demands an instrument capable of selective detection of very weak y-ray transitions.
Therefore, a detaifed study of the de-exciting y-rays with common y-spectrometers is very

difficult or even impossible,

At present there are many multi-detector arrays used (or under construction) to study the
details of such decay paths. The common objectives of these detection equipment is to fit
the experimental requirements mentioned in the above section. The ~ Total Energy

Suppression Shield Array " (TESSA) installed at the tandem accelerator laboratory at

Fig. 1.3. Configuration of TESSA IL. It consists of 6 Compton suppressed Ge-detectors and 62 BGO
crystals of hexagonal cross-section {Twi83].

Daresbury has been the pioneer in this field. Tt combines high-resolution Ge-detectors, each
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surrounded by a veto detector (suppression shield) of sodium iodide and/or bismuth
germanate, and a compact bismuth germanate (BGO) ball (Fig.1.3). In this section TESSA

ts selected to describe some of the properties of multi-detector arrays [Twig3].

The suppression shields used in TESSA are 25 ¢m diameter by 20 cm long Nal-crystals
with the Ge-detectors inserted parallel to the crystal axis. This geometry provides the best
suppression at low y-ray energies through eflicient detection in the shield of the high energy

forward scattered y-rays.

The eflect of such suppression is shown in Fig.1.4 for a “Co source. The dominant
remaining feature are the backscatter peaks (Compton edges) close to 250 keV below the
photo peaks. Fig.1.4(b) shows that these backscatter peaks are removed by the Nal

backscatter detectors ])os-itione([ as-shown in Fig. 1.3, The collimation of y-rays striking the

Ge-detectors is achieved by tungsten alloy (heavy metal) hexagons in the outer ring of the

-

- Unsuppressed

N g T T K3
0 . 05 :

Fig. 1.4, The effect of suppression on £.17 MeV and 1.33 McV y-rays from a “Co source; (a) veto
by Nal-shield, (b) veto by Nal shield and backscatter detector | Twi83).

BGO-ball. They are designed so that y-rays from the target are restricted to pass through a

4 cm diameter circle at the center of the Ge-detectors. This ensures good photo peak to
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total fractions before suppression. The peak efficiency is increased from (1S — 20)% for a

bare Ge-detector to (55 — 65)% for a Compton suppressed detector.

The center of the Ge-detectors are 27 cm from the target and their collimated solid angles
are 0.16% each. The small solid angle is necessary to reduce Doppler smearing caused by
the change in energy across the detector of y-rays emitted from fast moving recoils and pile
up caused from the detection of two y-rays in the same Ge-detector due to the high
multiplicity of events. The 6 Ge-detectors constitute 15 pairs thus increasing the y-y

coincidence efticiency. In a typical HI reaction experiment with TESSA the Ge-detector
singles rate is around 5000 s' and the y-y coincidence rate is about 150 s In y-y

coincidence experiments the important quantity is the fraction of the recorded y-y events
that are photo peak-photo peak events as the remainder just increases the Compton
continuum. The suppression improves this fraction from 0.03 to 0.29 for 1.2 MeV y-rays
and from 0.1 to 0.42 for 0.66 MeV y-rays [ Twi86]. 1t is this big increase in the fraction of
useful y-y coincidence data that greatly assists carrying out detailed spectroscopy on low

intensity y-ray branches.

An essential feature to improve the sensitivity of the TESSA ball is compactness. This
means, a denser scintillator than Nal was necessary, and BGO was chosen. The BGO ball
has been designed as a cylindrical and this allows to put the Compton suppressed
Ge-detectors  close to the target. Each BGO-crystal has a hexagonal cross-section with
dimensions of 38 mm face to face and 50 mm or 75 mm in length. The 62-BGO detectors
form a honeycomb arrangement which operates as an effective 50 detectors ball having an
overall solid angle close to 4m, and this allows to absorb the transitions with large

probability.
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Though TESSA is the pioneer in this field, other improved mu.lti-detector arrays are also
operational in different countries. With the discovery of the superdeformation (nuclei with
major to minor axis ratio 2:1) {Twi86] a renaissance in y-ray spectroscopy has been started.
Twin and co-workers used for the first time a spectronu;‘:ter consisting of 12 Ge-detectors
with Compton suppression. This new technique nutiated a new generation of
y-spectrometers in Europe, USA, and Canada with 6 up to 20 Ge-detectors surrounded by
compact BGO counters to suppress the Compton background. Among them are the 21
Compton suppressed Ge-detectors HERA (High-Energy Resolution Array) with 44 BGO
counters at Berkeley, NORDBALL with 5 Compton suppressed Ge-detectors, 11 neutron
detectors and a 4m Si-ball at Kopenhagen, CHATEAU DE CRISTAL at Strasbourg, and
OSIRIS (Compton Suppressién Array for High-Resolution In-beam Spectroscopy) having
38 BGO detectors and 12 Ge-detectors with BGO + Nal (TI) shield of the Julich / Berlin /
Ko/ Bonn/ collaboration. Also, at Daresbury, the POLYTESSA array with 30
Ge-detectors having compact BGO + Nal(TI) shields is currently taking data. This array is
the result of contributions from the UK.TESSA collaboration, the German OSIRIS
collaboration, the Scandinavian NORDBALL collaboration and the [talian MIPAD

coliaboration.

With these spectrometers superdeformation could be found in many nuclei. However, the
sensitivity was too low for a detailed y-spectroscopy of superdeformed bands. Therefore,
large collaborations started to build up 4r-spectrometers with improved properties of the
detectors. The sensitivity of the detectors for the measurements of multiple coincidence
events depends on solid angles seen by the Ge-detectors and the granularity of the whole
array to keep low the line broadening due to the Doppler-effect and the probability for

measuring coincident y-rays in the same detector,
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The American spectrometer GAMASPHERE will consist of 1 10 large-volume Ge-detectors
with BGO-shield each in spherical geometry. Every detector has an efficiency of about 80%
for the total absorption of y-rays measured relative to a 3 x 3°  Nal detector at energy of
.3 MeV. The total efﬂcienc).' of the spectrometer for the total absorption of the 1.3 MeV

radiation is expected to be ~ 8%.

The European spectrometer EUROBALL will contain, in its final version, 270 Ge-detectors
of a new generation. In this detector array a high granularity s envisaged to minimize
Doppler broadening, and the total efficiency will be 13% for the 1.3 MeV y-rays. This

project will be realized in three phases.

Phase I have put two spectrometers-EUROGAM I and GASP - into operation in Daresbury
(England) and Legnaro (ltaly), respectively. Both spectrometers contain about 40
Ge-detectors with BGO Compton suppression shields. In phase 11 of this expensive project
the granularity will be increased when using so-called CLOVER detectors {Ebe93] now

under development. EUROGAM 11 will be installed at a new tandem-accelerator
VIVITRON in Strasbourg. The tinal phase 111 of the EUROBALL project (see [Ger92]) is
expected to reach a sensitivity of one order of magnitude higher than EUROGAM II
(fraction of reaction ~ 2 x 10™ for very weak y-radiation). This high sensitivity is necessary

to find the theoretically predicted hyperdeformation in nuciei with a ratio of the major to

minor axes of 3:1

Improving the experimental technique enables to push discrete line studies to  very
high-spin states {see Fig.1.5). Using Nal-detectors one can reach only spins up to ~ 104

and using Ge- detectors discrete line studies can be pushed further up to ~ 204. The




20

invention of the TESSA family has a strong impact in the field of in-beam y-ray

spectroscopic studies. For example, with the TESSAJ array high-spin states as high as ~ 60
4 could be observed. At present the observational limit of high-spin states, using
EUROGAM 1, is around 7041, The prediction of the observational limit with EUROGAM 1

is around 754.
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Fig. 1.3, Observational hmits of y-rays with different detection systems. The data points are: solid
circle (o) discrete fines in "' Er measured with TESSA2: open square (83) vrast superdeforied band
in "Dy and open triangles (V ) first excifed superdeformed (SD) band in "*'Tb measured with
TESSA3; open circle additional y-rays in the yrast SD band in ™Dy and stars (*) excited
superdeformed band in Dy measured with EUROGAM | | Twi94|.
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2. Formation and Dccay of Highly Excited Nuclei
2.1, General Features of Heavy-lon Reactions

When a target is hit by a beam of heavy ions, A = 4, three major classes of nuclear
processes have been identified. For relatively large impact parameters and at bombarding
energies below the Coulomb barrier Coulomb excitation and Rutherford scattering
processes are in sole control. At bombarding energies slightly above the barrier and for
relatively large tmpact parameters the cross-section for few-nucleon transfer reactions by
tunneling can be considerable. The above processes may be referred to by the collective
term of "imrrier processes”. With increasing energiés of the incoming ions and at smaller
impact parameters the projectile can penetrate the Coulomb barrier and the compound
nucteus formation becomes dominant up to energies where the direct reaction mechanism

with violent collision processes dominate (stripping, pick-up, etc.}.

-~V
’-’

GRAZING TRAJECTORY

COMPOUND HUCLEUS
TRAJECTORY

RUTHERFORD SCATTERING,
TUHHELING, couLoma
EXCITATION TRAJECTORY

e

Fig. 2.1. Typical trajectorics representing the three major classes of heavy-ion reactions {kau61].

The third type of nuclear reaction is observed at intermediate impact parameters for which
the projectile, though partially deflected by the Coulomb field, comes into approximately
tangential contact with the target nucleus (Fig. 2.1). It may then move along the surface of

the target until it reaches a point at which its forward momentum is sufficient to break the
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nuclear bond forlﬁed between the nuclei. If this process is completed before fusion to a
compound system, a grazing collision results [Boc89]. In this process the transfer of
several nucleons can occur, The products of such an interaction are the residue of the

projectile, the residue of the target, an(_i perhaps free nucleons and alpha particles which

may be emitted as the system separates.

The compound nucleus is a more or less deformed system consisting of all the impinging
nucleons, often formed with high angular momentum and high excitation. It removes its

excitation through successive particle emission followed by y-ray cascades.

2.2. Cross-Section for the Formation of Compound Nuclei

According to Fig. 2.1 heavy-ion collisions at a fixed bombarding energy can be divided
into different classes. One of these collision processes may lead to fusion of the projectile
and the target nucleus forming a compound nucleus. That is, at smaller impact parameters
and at bombarding energies only slightly above the Coulomb barrier the projectile can
penetrate the Coulomb barrier, and a nuclear bond is then formed to form a compound

system, which then decays in some subsequent time.

In heavy-ion collisions the total nuclear reaction cross-section is given by the expression

or = TK2 Y (20 4 1)°T), Cen

I=(]
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where £ is the reduced de Broglie wave length, /  are the orbital angular momenta and T,

are the transmission coeflicients [Joh75]. With a sharp cut off approximation for T,

according to

I ! S ]nmx
T = 22)
0/ > /mnx
one obtains
]l'IMN
Gp = E%z E (2/+ 1)2 = nﬁz(lm:\x + !)2 = nleﬁmxv (23)
: f==0)

where [ is the highest partial wave to fuse the nuclei.
Fusion (or compound nucleus) cross-sections o, have been measured for a large number of
target and projectile combinations. The measurements are also done for different energy
regimes. 1t has been realized that o, versus the reciprocal of the bombarding energy can be
divided into diflerent energy regions. At energies only slightly above the barrier the
cross-section o, follows the total reaction cross-section, whereas at higher energies they
fall clearly below o,. Different models (e.g. critical distance model. statistical yrast line

model, and successive critical distance model) have been proposed to explain the measured

cross-sections  (see [Boc89, Lee80, Lee84, Mos81]).

For collisions between not too heavy projectiles and target nuclei, A, + A, < 100, up to an

energy about twice the Coulomb barrier V,, , fusion is the dominant reaction channel and

exhaust some 60 - 90% of the total reaction cross-section o,. In the energy interval from
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1.2V, up to 2V, 1 is limited by the Coulomb barrier V (R} and the interaction radius

mnax

Ry The total excitation energy E™ of the compound nucleus is given by

2
E' = VeRs) + 5i—tualons + 1) + Q = Eeac = O 24
2uR g

where 11 is the reduced mass of the nuclei involved, Q is the Q-value of the reaction and E
is the incident energy in the center-of-mass system. Using Eqs.(2.3) and (2.4), the fusion

cross-section is given by
oy = MRE[1 — ¥a(RaVEcu] (2.3)

The parameters R, and the potential V(R, ), can be determined by fitting expression (2.5)

to the data. This gives
Re = ra( A}B + & éB) with rz = (1.4—1.6)fm, (2.6)

where A, and A, are the atomic numbers of the projectile and the target nucleus,

respectively.
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2.3. De-excitation Processes of Highly-Excited Nuclei

The compound nucleus is formed in a time scale of 107 s and it equilibrates by 10 s, With
about 60 units of angular momentum a rotational frequency of around 2 x 10* Hz is
obtained (which corresponds to an energy of fiw = 0.75 MeV) and so equilibration takes at

most a couple of rotations {Twi89].

The high excitation mode of the compound nucleus results in a subsequent evaporation of
particles. The emission of charged particles like protons or o-particles is hindered by the
Coulomb barrier. Therefore, particle emission is usually dominated by neutron evaporation
and this connnenées on a time scale of 10™s by which time the nucleus will have rotated
about 20 times. At this stage there is a small probability (107), relative to particle emission,
of the emission of a very high-energy (E, ~ 15 MeV) dipole y-ray from a (so-called Giant
Dipole Resonance). The particle emission continues until after approximately 10° rotations
(or ~ 10™"s) when the major y-ray emission commences. The nucleus reaches its ground
state in a time scale of 10”s and it has already rotated the order of 10" times, i.e. only one
order of magnitude less than the number of rotations of the earth since its creation.
Therefore, though the time scale for different processes appear minuscule in a terrestrial
frame, they are quite large when measured relative to the rotational frequency of the nucleus
[Gar85, Twig9]. The pathway from the formation of a compound nucleus to the ground
state of the final nucleus is illustrated in Fig. 2.2.

An emitted neutron lowers considerably the excitation energy of the nuclear system to

within its separation energy (for charged-particles binding energy plus Coulomb barrier),
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but to a much lesser degree the angular momentum, on the average about lh unit per

nucleon [Gro67al.

{
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Fig. 2.2, Schematic figure depicting the formation and decay of a highly excited nucleus [Twi89].

For light nuclei, where the Coulomb barrier is lower, and for highly neutron-deficient nuclei
charged-particle emission may however, compele strongly with neutron emission. The spin
distribution of the compound nucleus also plays an important role, From high

angular-momentum states, o-emission is favored since an ¢-particle can carry away more

angular momentum than a neutron.

When the excitation energy in the evaporation process becomes lower than about the
binding energy ol one neutron above the yrast line (the line connecting the lowest states for
each spin value), neutron evaporation is hindered owing to the limited amount of angufar
motnentum the neutron preferentially carry away. On the other hand, o -particles have a

larger probability to be emitted at this excital_ioﬁ energy. Qualitatively this is easily
understood interms of two effects {Gro67b]: firstly, for equal energies and orbital angular
momenta, the centrifugal barrier is a greater obstacle to the neutron than to the massive

u-particle; secondly, the smallest kinetic energy at which the neutron can be emitted is zero,
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a " hard " absolute fimit, while the lowest-energy u-particles are limited by the relative
"soft" Coulomb barrier. Therefore. c-emission is believed to be a function of both the

initial excitation energy and the initial angular momentuin,

When not enough energy is left to emit particles, the remaining excitation energy and
angular momentum is removed by the emission of y-rays. After the initial particle
evaporation, much of the area between the yrast line and the entry limit (approximately a
neutron binding energy higher) is populated, and so there are a great number of pathways
down to the ground state. The initial transitions have too little intensity, whereas the level
densities are so large to be observed individually even with the highest resolution detectors
available today, and so these transitions produce the "continuum " y-ray spectrum. This
consists of two main types of y-rays [Gar85, Voi83]: the "statistical " one with a small
number of transitions that carry off energy but little angillar momentum; and the " yrast-like
" transitions that run roughly parallel to the yrast line and remove the angular momentum as
well as excitation energy. The " statistical " transitions " cools " the nucleus, whereas the "

yrast-like " transitions have the effect of slowing down the nucleus to its ground state.
Eventually, the y-cascades lose enough energy so that they come to the region of low level
density near the yrast line, and there they condenses into a small enough number of
pathways, i.e., with sufficient intensity, that the individual transition can be detected,

forming the discrete y-ray spectrum. The different contributions to the y spectrum are

demonstrated with "Dy (Fig. 2.3).
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Fig. 2.3. The total y-ray spectrum of the decay of "Dy produced in the "Pd ( *Ca, 4n )
fusion-evaporation reaction at 205 McV [ Twi89Y).
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To get some feeling for the relative intensities of discrete transitions, their intensities are ~
1% at spin 4041 and 20-40% at spin 20 41 in rare-earth nuclei (where the highest spin states
have been observed and where much of the experimental work has been concentrated)
[Dia86]. With increasingly better instruments and better statistics, one is able to push

discrete y-ray spectroscopy to larger spins (to still lower intensities).
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2.4, Schematic Hlustration of the De-excitation Processes

The yrast levels play a crucial role, as mentioned in sec.2.3, in the de-excitation of the
excited nucleus with high angular momentum. For fixed spin | there are no levels below
some lowest energy E| the yrast line. The lowest energy for a given angular momentum 1 is

given by the energy of the collective rotation

Er=L00+1) (2.7)

where 3 denotes the total moment of inertia of the composite system. For rigid rotation of

this system one obtains

Sme = MR , (2.8)

~

where M is the mass of the system and R is its radius. In general the moment of inertia of

the nuclear system has a value [Boc89] of
O-S:‘grrg. =3 =2 3:'1_1:. (29)

The emission of neutrons and the role of the yrast level are discussed in Fig. 2.4. Here, the
abscissa represents the angular momentum of a nucleus 1 in units of h, the ordinate the

excitation energy E' (MeV).

Consider the emission of a neutron from the nucleus at the excitation energy and angular
momentum at position . The binding energy of the neutron is represented by a vertical
arrow, The canted arrow joining the vertical arrow is intended to take into account the

angular momentum removed by the outgoing neutron. Now the point of the canted arrows




must not fall below the yrast line, for this is the region where the residual nucleus has no
levels. For the excited nucleus at position 1, however, there is still an ample region of the
E'-1 plane in which the canted arrow can terminate, and thus to which neutron emission can

proceed. In this case neutron emission encounters no serious restraints and proceeds with
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farge probzibility. On the other hand, consider the emission of neutrons from the nucleus
having tht.a" energy and angular momentum represented in the E'-I plane of Fig.2.4 by

position 2. The binding-energy arrow terminates in the forbidden region below the yrast
line. The cénted arrow which must terminate at or above the yrast line is thus forced to
reach far té. the left. Here the outgoing neutron must carry away many units of angular
mmnentum-.rTo do so it must penetrate an angular-momentum barrier, The neutron emission

probability may thus be considerably smaller here than at position 1 {GroG67a].

The region enclosed between the two lines is called the " y-cascade band " (see Fig.2.4). In
the direction of the energy. the width of y-cascade band is about one neutron binding

energy, when the effect of charged particles emission can be neglected. The total
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de-excitation rate of an excited nucleus always includes a contribution from y-ray emission.
In this region the y-decay is the dominant mode of de-excitation, Within this band we can
distinguish two regions which make quite different contributions to the y-spectrum. The
first region is above the yrast line. This forms the continuum part of y-emission. The second

is on the yrast line itself, or very close tao if, forming the discrete part of the y-emission.

Let us now consider the de-excitation of an assembly of A™ nuclet, all highly excited to the
same energy. They are distributed over a very wide range of angular momentum, however.
The emission of a neutron (we consider only this process) from each A® nucleus then gives
the assembly A™ distributed over both angular momentum and energy. The emission of a
second neutron similarly yields the nuclei A distributed over both angular momentum and
energy, but the spread of energies over which most of the A nuclei are found is broader
than it was for the distribution of nuclei A™'. Subsequent neutron emissions may broaden

the energy distributions still more, of course. The feature just described is illustrated in

Fig.2.5.

501— COMPOUND NUCLE! PR

0 |
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Fig. 2.3, Successive regions of encrgy and angular momentum populated after neutron emission (1¥
and 2™ regions) during the de-excitation of an assembly of highly excited nuclei [Gro67al.
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The maximum energy of the A*' population distribution is less than the energy of the A™,
Likewise the maximum energy for any given population distribution is less than the energy
of the A™ compound nuclei by the binding energy of the requisite number of neutrons which
must be emitted to create the nucleus in question. The most probable energy for eaéh of the
successive population distribution is thus decreased by somewhat more than a neutron
binding energy with each successive neutron evaporation. On the other hand, the
distribution of angular momentum changes but little in the successive neutron evaporation
[Gro67a]. The contour in Fig, 2.5 represents the focus of a constant relative popuiation.
The successive emission of neutrons continues until an appreciable part of the population
distribution falls within the y-cascade band. Such a situation is illustrated by the lower
contour diagram in Fig. 2.5. Most of the population falling in the y-cascade band ultimately
reach the ground state via cascades of y-ray emissions, white most of the population falling

above the y-cascade band proceed to emit another neutron,
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Fig. 2.6. Three phases of gamma-ray cmission with the contours for 3n. 4n and 5n entry populations
[Gar83).
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A very popular diagram of the excitation energy versus the nuclear spin is given in Fig.2.6
[Gar85). In the figure the different entry populations, the " statistical " transition, the
"yrast-like" transition that run parallel to the yrast-line and near yrast states are clearly seen.
The near yrast states are resolvable with the existing detector systems and are the basis of

the present in-beam Y-ray spectroscopy.
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3. Experimental and Theoretical Studies of the Mass A~80
Region

3.1. In-Beam Gamma-Ray Spetroscopic Studies in the Mass A ~ 80
Region

Medium and heavy nuclei display a rich variety of single-particle and collective modes of
excitation. In the past nuclear structure phenomena were studied close to the ground state
because of the lack of corresponding nuclear beams and multi-detector arrays to measure
high excitations at a low intensity. Low-lying nuclear states are more or less compatible
with shell model predictions assuming that the nucleons move independently in an average

nuclear potential.

In the last decade, however, one was able to increase systematically the rotational frequency
and the excitation of nuclet up to the limit of stability, It is understandable that the main
interest was devoted to the rare-earth region, where many rapidly rotating nuclei have been
investigated. The famous example is "Dy with a rotational band up to 1 = 60 i {Twi86).
Experimental evidence that nuclei can exist as a profate shape with ratio of the axes of 2:1
was an astonishing tact. Nuclei with mass numbers around A = 160 and 190 show
sequences of y-ray de-exciting states in superdeformed bands, which can be detected only
when using arrays of’ gamma detectors which cover a substantial fraction of the solid angle
because of the very weak populations of these states. Some of the multi-detector systems

such as GAMMASPHERE , EUROGAM, GASP are already discussed in sec. 1.3.

However, a lot of questions related to nuclear structure are unsolved even in " traditional "




Table 3.1 contd

Sy *Ni(*'Mg, 2pn) | 80, 85 37/2 RDM, DSAM
gy hCr(“s, p20) | 130 27 GG, AD
“Rb “Se('Li, 0.2n) 25-36 19/2 EF, GG
“ISr “Cr(S, 2p2n) 130 24 GG, AD
“Rb “Se('Li, 4n) 35 33/2 GG, DSA, AD
Kr “Se(’Li, p3n) 32 23/2 AD, GG, PG, EF
*Rb “Se(’Li, 3n) 30-35 16 AD, GG, EF
Ky “Se(’Li, p2n) | 32 12 AD, GG, PG, EF
¥Nb “Zn("Si, ap2n) | 123 29/2 EF, GG, AD,
RDM
"Ry Ni(*Ar, 2p2n) 149 i6 GG, NG,PG
"Mo “Zn(**Si, 2pn) 120 33/2 EF. GG, AD,
RDM
“"Ru “Ni(*“Ar, 2pn) 149 41/2 GG, NG, PG

*) GG - y—v coincidence
NG - n-v coincidence
PG - charged particle-y coincidence
RD - recoil distance
DSA - Doppler shift attenuation
AD - angular distribution
EF - excitation function
PT - pulsed beam lifetime

Nuclei with mass number A = 80 to 90 are of special interest, because they encompass the
borderline of the transition region between deformed nuclei (near "Sr) and spherical nuclei
when approaching the N = 50 shell closure. In this mass region rapid nuclear shape changes

or angular momentum with particle number may occur.
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The review [Lie80] tocuses mainly on this mass region. It covers the neutron-deficient
sotopes af Ge, As, Se. Br. Kr, Rb and Srowith proton numbers Z = 32..38. As mentioned
dramatic change‘s of the nuclear deformation occur as tunction ot the proton and neutron
number because of the oblate-prolate shape co-existence and the alignment of g, protons

and neutrons.

-

This interesting behaviour is demonstrated in Fig. 3.1, showing the powerful tool of
creating nuclei under extreme conditions using heavy-ion collisions. Recently a new region
of deformed nuclei was discovered with the N = Z nucleus "'Zr in the center. Shown are the
excitation energies of the first 2° states of N = Z even-even nuclei from “Ge to “Mo
together with their corresponding deformation parameters . indicating strongly deformed
“Sr and *'Zr nuclei with . around 0.4. Obviously there is a strong correlation between

largest 3, values and small E(27) transitions.
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Fig. 3.1. The behaviour of theoretical and experimental values of the quadrupole deformation
parameter B, for nuclel around A = 80 and the corresponding E( 27 ) transitions.
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An interesting deformation pattern is also seen in the Sr isotopes with A = 76-82. While the
self-conjugate nucleus "Sr with N = Z and "Sr were found to have extreme prolate

deformations with B, = 0.38, this value decreases to 0.29 for ¥'Sr [EAS 87].

Recently the level scheme of the odd-odd nucleus "As [Doe94] has been investigated
using the reactions *Co (F , apn) and “*Cu (7C, an) at 55 MeV and 50 MeV, respectively.
From earlier work it was known that all experimental data obtained so far including the
magnetic moments of “As were successfully described in terms of the nuclear shell model
without any assumption of nuclear deformation. There was, so far, no need to assume any

collective properties in the excited states.

However, large quadrupole deformations were found in the neighbouring neutron-deficient

I "™Br nuclei (see, e.g. [Doe93]). The result of the new

nuclel, for instance in the odd-odc
work of Doering et al. [Doe94] is: the band properties like level spacing and enhanced E2-

transitions point 1o a collective excitation in “As based on the two quasi-particle

configuration rg,., ® vg,., . Thus, the occupation of the g, . subshell was found in "As. The

measured E2-strengths reveal an average quadrupole deformation of B, = 0.26 if axial
symmetry is assumed. This onset of substantial deformation and collectivity in "As is
somewhat unexpected in view of its low-spin behaviour {1 up to 15 has been found) but is in

agreement with a cranking shell model [Naz85].

The Fermi gas model {Boh69] predicts for the total level density p(£)

- ()l4 Ko { ]'l,‘2 - |7]
[y = 2 —=22 — expi2( g i)'? 3.1
p () 2 () P (Z&at) (3.1)

where N = Z, E is the excitation energy and g, is the one-particle level density at the Fermi




energy, representing the sum of the proton and neutron level densities,

o = g(er) =

A
o (3.2)

[N R L]

The quantity £ represents the maximum kinetic energy of a particle in the Fermi gas and is

given by
g = (fikp)2M = 3TMel (3.3)

The paraimeter
2
2 = g, (3.4)

which appears 1n the exponent of Eq. (3.1) is the nuclear level density parameter, and can be
determined, e.g. from the resonance spectra of slow neutrons, the direct count of levels
populated in charged particle nuclear reactions or from the analysis of particle evaporation

spectra [Boho9].

Different phenomenological approaches were developed to describe the anomalies in the A-
dependence of the level density parameter. An extensive analysis of these various prediction
and their comparison with the experimental tindings has been carried out by Mashnik

[Mas93]. There are seen several characteristic regions in the A-dependence of the

parameter a, among then the mass region A = 70-90, where the level density parameter

drops down dramatically from a value a = 14 MeV™' to = 7 MeV"'. This behaviour is also a

strong indication for interesting nuclear structure physics of” that mass region under

consideration.
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From the point of view of modern nuclear structure investigations the properties of
high-spin states in this mass region are of special interest. As the experimental findings
indicate, a rich variety of ditterent shapes evolving with spin in the same nuclei can be
determined {Bak82]. We start the discussion of mass A = 70-90 nuclei with a very recent
measurement of high-spin states of “'Sr [Gur94] with the Oak Ridge Compton-Suppression
Spectrometer system (18 Ge- detectors and 52 elements of the Spin Spectrometer to
measure gamma ray multiplicities) [Jaa83]. When using the reaction “Cr(**S, 2p2n) at 130
MeV the level scheme has been extended up to I = 24 at 15084 keV excitation energy for
the positive parity band. The Sr isotopes have proton number (Z = 38) and, in particular
"Sr is only four neutrons away from the N = 50 closed shell. Therefore, *'Sr presents a

nuclear structure characteristic of a "spherical” nucleus.

Previous works of Dewald et al. {Dew82] used the reaction “Ge (' °C, 4n) to populate
states in “'Sr up to 6070 keV. They reported a maximum angular momentun of 14 4. The
new gamma cascade measured presents a regular increase in the y-ray transition energy with

level energy.

High-spin states of N = 49, 50 nuclei **Kr and *Kr have been investigated via the “*Se ("Li,
p3n) and “Se ("Li. p2n) reactions, respectively, using 32 MeV 'Li ions [Win93]. In orc_ier
to suppress y-rays arising from pure neutron evaporation the measurements of angular
distributions and relative excitation tunctions of the y-rays as well as y-y coincidences have
been performed in particle-y coincidence mode. For this purpose 14 Si-detectors, in

connection with six Ge-detectors, have been mounted inside the OSIRIS-CUBE at the

Cologne tandem accelerator,
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The level scheme of “Kr have been extended by a new sequences of high-spin states with
excitation energies up to 4.8 MeV and tentative spins up to [ = 23/2 that is built on top of
the 177/2 ps isomer at 1991.8 keV. For “Kr a new level scheme of high-spin states with

excitation energies up to 7.9 Mev and tentative spins up to 1 = 12 fi have been observed. In
the same experiment the excited states of *Rb [Win94] have been studied in an in-beam
experiment via the reaction “Se(’Li, 3n)*Rb, and the result shows that spins up to I = 16
has been deduced. Shell-model calculations have been carried out to interpret these
experimental results, and the level energies predicted are found to be in fair agreement with

the experimental results.

High-spin states in neutron-deficient nuclei *Ru and "'Ru have been studied [Hee94] in the
gh-sp _

.I.!\.“.!lf;')!x?((!"r

2p2n and 2pn reaction channels of Ar + *Nl lgsifﬁé: the, 149 Me' 1“Ar beai at: VICKSI

' ¢ Pt

(Hahn-Meitner-Institute Berlin) and tlje OSIR!Sa'Iay fi":h‘is’:;fsys‘télh (f(fn11s!is:[éd of - 12
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!

escape-suppressed Ge- detectors mounied at 65 ap {15 defzrgesto ths béam axis, seven
NE213 neutron detectors and four AE silicon surface barrier-detectors to. gate the gamma

measurements with evaporated neutrons and protons, respectively. The level scheme of ®Ru
and "Ru up to 1 =16 and 1 = 41/2, respectively, could be established independent of the

weakness of the observed transitions.

The nucleus “Ru has one neutron outside the N = 50 shell. The high-spin structure of this
nucleus has been studied [Ghu94] using the fusion-evaporation reaction “Zr (°Cl, 3pn) at
[40 MeV. About 40 new transitions could be found up to 43/2 and 39/2 in the positive and
negative parity bands, respectively. As this mass number is already outside of our region of
interest, we are not going to discuss the details of the structure of “Ru. but mention only

the fact that up to moderate spin states in the level scheme agreement with spherical shell
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model calculations within a limited configuration space could be established. A weak
coupling scheme in which a 2d,,, neutron couples to the excited *'Ru core was found to
work reasonably well, because it reproduces the yrast spectrum of *Ru. Of course, to
understand the high-spin structure a more rigorous approach would be necessary

considering the breaking of the N = 50 neutron core.

In many cases the compound nucleus created in an heavy ion reaction de-excites via
evaporation of several neutrons (see sec.2.3). Using medium-weight heavy ions to reach the
mass region A = 80 we observe some specifics. For instance, the compound nucleus *Zr
can be created in *Ca + "'Ca colfisions. In Fig. 3.2 predictions of the cascade-evaporation

model [Lie86] are shown illustrating that the Z = N = 40 nucleus “'Zr emits presumably

300 T 1 ¥

“Ca ++Ca

H 250 /'\ N

b

4

b ® ¢
200 |- / , \ .
¢ ®
/ \
[ 4
T o
150 - sKr+dp ® ~—,
o
"Br +o3p .
100 o -

N
% N——-'X'\\ Py
/% b
» A AN \

50 - " Kr+u2p x/ / X\ 2
_ % s PKr+a2pn oo % 2y
){ P — —_——
x/ H— D o G O— o—" o
0 1 ! i | i ]
100 110 120 130 140 150 160 170

T, MeV

Fig. 3.2. Calculated distribution of evaporation residucs in the ™Ca + *'Ca collisions at 110 - 170
MeV beam encrgy | Lie83 |, Note the pre-dominant emission of protons and a-particles,
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charged particles, at larger energies above 140 MeV alpha particles and protons, while the
cross section for the creation of "Kr accompanied with 2pn is at least 30 times smaller than
the one for the exit channel “Kr -+ 4p. This way neutron-deficient nuclei try " to improve "

their neutron-proton ratios to larger values.

Generally a rich experimental material in the A = 70-90 region has been accumulated
[Lie86] over the last decade. The nuclei involved contain Z = 32 (Ge) - 40 (Zr) protons and
N = 50 neutrons. As already mentioned high-spin studies were carried out by difterent

groups. In table 3.1 maximum values of spins identified in difterent reactions with light and

medium heavy ions are collected. The angular momenta reached are too small that a A = 80
nucleus may undergo a transition to a superdeformed shape (/ > 504) or may undergo even

fission {/ = 751), as predicted by liquid drop model, (see e.g. [Moi81]).

High-spin states has been studied in many nuclei of the mass region here under
consideration. Interesting physics came out when comparing even-even and odd-even
neighbour nuclei, e. g. shape coexistence, core polarization and pairing effects. Some of

these findings compared with theoretical predictions will be discussed in sect. 3.2.

In the data analysis we will limit ourselves to the excited states of ™“Rb and **Kr
produced in fusion-evaporation reactions of 'Li with “Se at 35 MeV. These nuclei are
expected to be produced with similar intensities. The *""Rb nuclei with Z = 37 and N = 48
(49) are only two (one) neutrons and one proton away from the magic nucleus “Sr.
Therefore, one can expect that collective effects of many nucleons will be of rather small

influence on the excited states.
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3.2. Theoretical Considerations in the Mass A ~ 80 Region

Numerous experimental works were devoted to the mass region A = 70 to 90, and the

resuits indicate interesting nuclear structure with quick changes going from one nucleus to
its neighbour. This is especially true if one moves away from the valley of B-stability. As

)

shown in sec. 3.1, particularly neutron-deficient nuclides have been created with extreme

deformations up to 8, = 0.4. In this section some recent theoretical works are compared

with data. One should also stress that the experimental results obtained in the mass region

under consideration test rather critical the theoretical model predictions.

We start with the behaviour of collective bands and deformations in %S¢ nuclei.
Experimentally one finds the neutron-deficient Sr isotopes to have extreme prolate
detormations. The deformation decreases with filling up the neutron holes in the g,,, shell.
An systematic study of this interesting behaviour. has been carried out in .[Tri94]. The
authors use a deformed configuration mixing (DCM) shell model to carry out microscopic
calculations. Starting with *Ni as the inert core and using 4 spherical single-particle orbits
as the basic space and an effective interaction as proposed in {Aha85], the calculated
positive and negative parity bands agree quite well with experiment, especially the
quadrupole deformation and its variation with mass number of the Sr isotopes could be
reproduced. It was shown in [Ti85] that Sr is the most deformed nucleus in the region, in
agreement with the experimental findings presented in Fig. 3.1. For ™ “Sr a gradual proton

alignment has been predicted.

Microscopic-macroscopic calculations have been performed for these nuclei using Yukawa
[Mol84] and Woods-Saxon {Naz85] nuclear potentials. In another study the Interacting

Boson Approximation (IBA} proposed by Arima and lachello [Ari75] has been use
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[Buc83]. This model provides a unified description of collective nuclear states - mainly
low-energy collective degrees of freedom - in terms of a system of interacting bosons
{(Fermion pairs of nucleons ). The IBA and its extensions has been extensively discussed, see

e. g. [Fen83].

Nuclear deformations in the A = 80 region were investigated also in [Gal86]. Here the
Strutinsky method has been employed with which the most important progress in the
description of shape transitions in this mass region has been achieved. A Nilsson-type
potential and Yukawa-plus-exponential macroscopic mass formula has been selected.
Special emphasis was given to the spin-orbit potential parameters, which have large

variations at the magic numbers. The results obtained are similar to those of the shell model

calculations with a Yukawa potential. The occurrence of large detormations in the Z =N =

38 nucler could be reproduced in the calculation. It was also found that the choice of the

potential parameters is rather sensitive in this mass region A = 80.

The N = 50 isotones are of particular interest to test shell model calculations. Due to the
shell closure of the neutron system at least the low-lying levels can be explained by the
valence protons only. However, this situation might be changed at high excitation energies
with the appearance of neutron g, , d', . excitations. Such a search for core excitations has
been carried out [Win93] where the high-spin structure of *Kr was investigated. Using a
certain model space of active proton and neutron orbitals relative to the hypothetical “Ni
core with closed proton (Z = 28) and neutron (N = 40) shells it was shown that the level
energies of positive-parity yrast states with large spin up to 10 h are shifted towards the

experiment it particle-hole excitations of the neutron core are considered.
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More attention to the neutron-proton interaction must be paid in the doubly-odd nucleus

“Rb containing 37 protons and 49 neutrons. The levels near the ground state are dominated

by the proton (1) - neutron (v) configuration nf' ®vg", . . However, at higher spin values

additional configurations must be included [Win94].

We remark finally that from the level sequences in “Br one could conclude [Sch93] that the
measured transition strengths E2 and M1 point to rather non-collective configurations. This
behaviour can be expected also if we fill up the proton shell to approach the Z = 50 closed
shell. Indeed, for the neutron-deficient nuclei ™' Ru it has been demonstrated that the
experimental level schemes can be interpreted satisfactorily with shell model calculations

performed within the restricted (g, . p,.) model space.

We notice a broad spectrum of ditterent theoretical procedures within a-limited region of
the mass number. And it is not astonishing that experimental and theoretical investigations

are continuing in this field around A = 80.
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4. Data Acquisition and Data Analysis

4.1, Origin of the Data and Experimental Set Up

The data were taken at the cyclotron of the Forschungszentrum Rossendorf in Germany.
During the experiment a self-supporting target of “Se, enriched to 92%, of thickness
8mg/em” was bombarded by 'Li ions at beam energy of 35 MeV. The detector used during
the experiment was an intrinsic Ge-detector with 10% relative efliciency. The position ‘of

the Ge-detector was 90" relative to the beam direction (Fig. 4.1)

F Target
Li beamiromeyciotion 35hieV
B2c.
«0°
Gamma-ays
Ge-detector

Fig 4.1 Schamatic of the expenmantal set up

The fact that heavy-ion fusion-evaporation reactions are not selective in the production of
the final nucleus of interest makes the y-ray singles spectrum rather complicated. Several
competing reactions contribute to the singles spectrum (sec. 4.2.3). The result of an

in-beam measurement for the reaction Li incident on “Se is shown in Fig. 4.2.
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Fig. 4.2, Gamma-ray singles spectrum of the reaction 'Li + *Se measured at 90° relative to the
beam direction.

From Fig. 4.2 one can see that the line spacing is small at lower energies and increases at
farger y-energies. To show this behaviour of the spectrum, the number of transitions
versus channel number is given in Fig. 4.3. This transition distribution could be fitted by an

exponentially decaying function.

This experimental finding can not be directly compared with theoretical considerations e.g.
in the Fermi gas model, because the transitions are summed up from different final nuclei
produced. Nevertheless, the experimental behaviour shown in Fig. 4.3 is reminiscent, for

instance, to the level spacings of neutron resonances, which can be described by an
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exponentially decaying curve (for details see [Boh69]). This behaviour points to the fact
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Fig. 4.3. Distribution of transitions in the spectrum versus channel number.  The upper abscissa
gives the corresponding cnergy intervals of the transitions.

that the de-excitation of the compound nuclei produced is a statistical process, i.e. it comes

from the exponential increase of the level density with excitation energy [Daw631.

In the singles  spectrum almost 270 transitions could be seen in an energy interval
between 46 and 1931 keV. Among them are also the "Co-lines (see App.A table A2,
channel Nos. 4876.36 and 5540.78) arising from activation of beam lines and construction
materials, To demonstrate how complicated the spectrum analysis is, a spectrum obtained
from neutron activation is shown for the same energy range in Fig.4.4 (this spectrum was

provided by the TAEA together with the GANAAS package).
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The complexity of singles spectrum from an in-beam measurement is even larger when the
detector position relative to the beam direction is difTerent from 90", In this case as a result
of the Doppler effect additional lines or at least a line broadening appear in the singles
spectrum thereby increasing the complexity. This effect is demonstrated in Fig. 4.5 where at

35" an additional line appears from the Doppler effect of the 1017 keV-line.
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Fig. 4.5, Demonstration of the Doppler effect. Tn the 90" spectrum an isolated line at 1017 keV is
found. whereas in the 35" spectrum an additional tne ( shifted by ~ 3 keV ) due to the Doppler
effeet appears.

Therefore, we selected for the data analysis a spectrum measured at 90" | where the Doppler

effect is at minimum.




4.2. Data Analysis

The data we are considering is a singles spectrum from an in-beam measurement of the
reaction 'Li incident on ¥'Se. We simply limit our analysis to the nuclei **Kr and **Rb.
High spin states of these nuclei have been investigated with the help of modern detector

arrays.

Excited states of Ky and “Kr have been investigated in the ¥Se ("Li, p3n) and *Se ('Li,
p2Zn) reactions, using a 32 MeV 'Li beam from the cyclotron in Rossendorf and the
FN-tandem accelerator in Cologne. With a detector array of Ge-and Si-detectors particle-y

coincidence measurements were done to identify these nuclei [Win93]. High-spin states in

“Kr are found to extend up to 23/2 4 and those of *Kr up to 12 4.

The interpretation of the level schemes has been carried out within the shell model. For *Kr
it is quite remarkable that the inclusion of neutron-core excitations (*Kr contains N = 50
neutrons, i.e. the ground state is characterized by a closed lg,, neutron shell) results in an
improved agreement between experimental and calculated level energies. In the same
experiment the excited states in “'Rb were also investigated with the “Se ('Li, 4n) and

“Se ("Li, 3n) reactions, respectively. For "Rb spins up to 33/2 4 [Win89] and for “Rb up

to 164 have been deduced.

We concentrate our analysis to these nuclei and try to get the energies and intensities of the
transitions accessible with a singles spectrum and compare the result with published ones.
To do this we use the nuclear analysis software GANAAS (Gamma Spectrum Analysis,

Activity Calculations and Neutron Activation Analysis).
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4.2.1. Description of the Software Package GANAAS

GANAAS is one of the software packages developed under'the auspices of the International
Atomic Energy Agency (IAEA). It consists of several programs [Man91], the main modules
being the main installation module, the parameters set up, the analysis program, the
activity analysis program and the concentration determination program, as well as
additional  utilities as ganma-ray library, and spectrum  transfer and  reformatiing

procedures . The duties of each subprogram is described as follows.

Before starting data analysis, a number of parameters must be defined. These include
calibration data (Energy, FHHM, and Efticiency calibrations), instruction of how to run the
program and identification tags. These are included in the parameters sel up subroutine.
This results in an input file (*.PAR) which specifies all the parameters required for the
analysis of a spectrum. Completing all the preparation for spectral analysis (parameters set
up) one can go to the analysis program. This permits the selection of the appropriate input
tile, and the spectra to be analyzed, performs the y-ray spectrum analysis, and displays the
results. The results of the analysis are stored in a file with extension * GSR. The visual
inspection can be made by using a temporary file with the extension * GGR, this file only
exists for the last analyzed spectrum. The results of the analysis gives the fitted spectrum
and a table containing channel number, peak energy (keV), FWHM (keV), peak area

{counts) and the reduced-qua[‘ity of fit 3~ (see table A2).

After proper set up and calibration of a spectrum the activities of unknown sample can be

determined. This part in GANAAS is carried out by the aetivity analysis routine. Activity
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analysis results in a report on the activity content of the measured sample. The results are

collected in the file with the extension * ACR.

The calculation of concentrations in GANAAS is done with the routine concentration
determination, and is intended for Neutron Activation Analysis (NAA) work. This proceeds
in two stages. First, the concentration of elements is calculated using the peak areas from
the spectrum result ( *.GSR) file. In the second stage, a suitable calibratipn standard source
can be used, if available, and based on the known concentration in this standard source the
correction factors for each element can be infroduced. The results are stored in a file with

extension * NAR.

The program GANAAS has two library manager routines (nuclides and NAA library
managers) included in the wtifitics module. The nuclide library manager is intended in
particular for those users who are interested in the determination of radioactivity of their
samples. This applies to the low-level counting measurements of natural or man-made
radioactivity, as well as to studies related to fundamental nuclear structure research. The
NAA library manager is very specifically intended for the calculation of concentration of
elements in the samples irradiated by neutrons. Every user can also create his own library,

corresponding to his samples, and the elements contained therein.

GANAAS must have also Spectrum reformatting and transfer programs because data can
be taken with different multichannel analyzer (MCA) boards. Reformatting the spectra
recorded by ditlerent multichannel analyzers to the format required for input to the
GANAAS analysis program is managed by the spectrum reformatting program. The

GANAAS input spectra have the extension *.SPE. This enables the use of many different
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MCA systems (Canberra, Nucleus, Ortec etc)) as the data acquisition devices serving
GANAAS. To perform the spectrum analysis, the file with the spectrum, in the suitable
format, should be available and accessible to the analysis program. For a stand-alone
multichannel analyzer, the spectra have to be transferred to the computer. For this a transfer
program is required, For some MCA's (Canberra and Ortec series} Such transfer software

is available in GANAAS.

The structure and organization of the software package GANAAS, and the extensions of

files used in different GANAAS modules is shown in Fig. 4.5.
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4.2.2. Energy and Full Width Half Maximum ( FWHM ) Calibrations

The determination of the y-ray energies and their intensities are vital for the data analysis.
Every gamma spectrometer must be calibrated with special standard sources. This
calibration must then be included in the software package used for the analysis. Separate
calibration y-ray sources are conventionally used to supply peaks of known energies in the
spectrum, and y-ray énergies that are no.t- widely different from those to be measured in the
unknown spectrum are needed for accurate calibration. Because even the best spectrometer
systems often show weak nonlinearities {one or two channels over a full range of several
thousand channels), it is useful to have multiple calibration peaks at various energies along

the measured energy range to account for those nonlinearities.

In our case we obtained the energy calibration from the group who has done the

experiment. The equation we received has the linear dependence between the energy of the

y-ray in keV and the channel nuimber according to
F, = 6948 + 0239256 * channel | “.n

What we have to do is to restore the same equation by selecting peaks from the spectrumn
to be analyzed. For this purpose the GANAAS program has the facility to select peaks and
enter the corresponding energies (see {Man91]). The energies for each peak selected for
calibration are obtained using Eq. 4.1. Once the peak selection and entering the
corresponding  energies is over GANAAS will display the energy calibration equation and

the relation between energy versus channel number (table or graph).
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Fig. 4.6. Encrgy calibration for the singles spectrum obtained from  in-beam measurement via the
reaction "Li + ¥ Se.

To restore Eq. 4.1 we have selected “thirteen peaks (see App.A table Al) and the

straight-line dependence
I7y = 60,955+ 0.2394 * channel 4.2)

between the energy and channel number is obtained (Fig. 4.6).

The program  GANAAS must also have facility to obtain the correct energy-dependent
FWHM calibration of the lines. The calibration procedure is similar to that of the energy
calibration. After the peak selection and inputting the corresponding energies GANAAS

displays the FWHM calibration coeflicients and the curve (FWHM)’ versus y-ray energy.

The FWHM calibration requires great care. The peaks selected should be well defined

singlets, with good statistics. To decide if a particular peak can be used for the calibration
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one can expand the peak and inspect it'its shape is suitable for calibration. Selecting peaks
that do not satisfy this condition will result, in general, in a nonfinear dependence between
the square of the FWHM and energy. As a result one will get irrelevant fitted data with

unusually farge x” (reduced-quality of it) values.

Our spectrum is very complicated and practically no well defined singlets could be found.
Therefore, we could not choose the FWHM calibration peaks from this spectrum.
Therefore, we used a spectrum included in  GANAAS -soﬂware package (under the file
name EXAMPLE PAR) for demonstration purposes. This spectrum was obtained using a
Ge-detector similar to the one used i the in-beam experiment. Therefore, the FWHM of

peaks in this spectrum is similar to the peaks in our spectrum. This spectrum has well

defined singlets peaks with good statistics. Hence, it is justifiable to use this spectrum for

our FWHM calibration.

-+
F "
H lt'
H i
H il
" 3 o
i
F -
i
rFis
H o
l“
-
r
IH'
na
e
'
P
-
o
2 ..n"‘.
|'.’+
.N$
“.'.r"
o
A
o
I'l‘
I'.
K
it P
e
+
£ 4

1 L]
13;.4 a%s2.2 377.08
Energy kel

Fig. 4.7. The square of the FWHM of the fincs in dependence on the y-energy.




60

We have selected eleven peaks (see [Man91]) for the FWHM calibration, and the

dependence between FWHM and energy we obtained was

FWHM = 0.2984 + 0.00]84I*Er (in keV).

(4.3)

Once the spectrum under investigation is calibrated analysis is possible. Part of the singles

spectrum fitted with GANAAS is shown in Fig. 4.8.

s

o9

»n

c

° 500}

n

t

E
4004
300+
2081

. T1i+ 828e

Fig. 4.8, Partof the spectram (~ 430 keV to ~ 650 keV Hitted with GANAAS. The fitted

background ( the line below the peaks ) is also shown.

4.2.3. Decomposition of the Spectrum

For a given entrance channel of a compound nuclear reaction there are a number of final

nuclei produced as a result of different particle emission from the compound nucleus. In the

reaction 'Li + Se the possible final nuclei are isotopes of Rb, Kr, Br, and Se (table 4.1).
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Table 4.1. Possible reactions when "Li is incident on ¥Se and the corresponding Q-values.

[sotope Possible reaction Q-value (MeV)
©Se ("Li , 4n)¥Rb -12.8
“Se ('Li , 3n ) *Rb 4.2
85_??1?/) #Se ("Li , 2n ) VRb 5.76
“Se ('Li , n)®Rb 11.84
“Se ( Li, p3n)¥Kr -12.7
“Se ('Li, p2n{t]) “Kr -2.86 [ 5.62 ]
Bk “Se ("Li, pn) VKr 2.66
“Se ('Li, p)¥Kr 9.71
**Se ( 'Li, 2n ["He, 2p4n } ) “Br ©2.25[-1.3,-30.54]
BELE “Se ('Li, n [ *He, 2p3n]™Br 4603.7,-237]
“Se (Li, 2p2n [ & 1) ¥Br -148[13.5]
“Se (’Li, 2pn [ ‘He ] ) “Br 97[-198]
*Se ( 'Li, 2p ) VBr - 341
“Se (Li, 3p3n[°Li, od ]) “Se -33.43[-1.44,-291]
¥Se (LiL 3p2n[op ]) FSe -24.75[3.55]
B0 Se “Se ('Li. 3pn ) ¥Se | -20.21

“Se ( 'Li, 3p) ¥Se -14.02
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The following tables give the relative intensities and energies of the lines, emitted from
different final nuclei, obtained in the GANAAS fitting procedure, compared with published

data.

Table 4.2. Comparison of energies and relative intensities in the level scheme of *Rb

obtained in [Win89] and in the GANAAS fitting procedure.

Ref [Win89] GANAAS fit Quality of fit
Energy ( keV) Intensity Energy (keV ) Intensity (x?)
107.2 2.7 107.5 8.6 6
192.6 7.7 192.7 18.9 77
2281 18 2283 43 .4 2
3499 27 350.0 43.2 |
36.1 2.7 436.2 2.6 |
St40 100 5142 100 6
622.1 6.1 6222 4.4 6
6443 15 644 .4 10.3 |
662.3 2.0
062.6 0.6 662.5 2.9 5
662.6 1.0
724.1 2.9 724.1 I 1
7712 1.8 771.4 0.9 2
7793 80 7794 46.7 9
10143 21 10t4.6 9.6 2
1176.6 27 1177.1 1.4 |
[183.3 57 1183.6 i8.2 5
1283 .9 2.6 1284 .4 0.7 |
13658 2.3 1366.3 1.2 i
1392.6 29 13927 1.3 |
1820.7 1 1820.7 0.2 1
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Table 4.3 Comparison of energies and relative intensities in the level scheme of *Rb

obtained in [Win94] and in the GANAAS fitting procedure.

Ref {Win94)

Energy {(keV) Intensity
125.2 62
129.9 34
144 .4 2.6
2243 100
263.8 4
287.7 1.4
331.5 28
447.0 1.4
550.2 5.67
685.9 2.3
732.8 42
778.1 63
865.4 17
903.6 6.5
957.3 .57
973.7 8.5
995.4 2.5

1002.4 12

1161.8 4,9

1427.5 0.5

1453.7 6.5

1598.2 19

1738.7 2.8

i814.1 3.6

1881.7 5.7

1894.7 1.2¢

GANAAS fit Quality of fit
Energy (keV) Intensity (% %)
125.4 53 1
130.2 38 25
144.4 33 {
2244 100 5
263.7 4.9 il
2879 1.6 1
331.7 16 6
446.8 <1 4
733.1 10 5
7794 64 9
860.1 54 7
904.0 1.4 1
974.0 <1 ]
1002.8 2 1
1598.5 1.6 I
1881.7 32 1

¢) Obtained in coincidence measurements
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Table 4.4 Comparison of energies and relative intensities in the level scheme of “Kr

obtained wn [Win93] and in the GANAAS f{itting procedure

Ref [Win93] GANAAS fit quality of fit

Energy (kev) Intensity Energy (keV) intensity (%)
60.2 12 60.3 59 1
269.0 24 209.1 193.1 1
307.0 27 307.0 202.7 4
3199 2 3195 373 1
342.4 ~ |
679.2 8

1075.8 2

1261.3 ~2 1261.0 25.5 1

1543.6 26 1543.9 19.2 1

1611.6 23 1261.0 18.7 [

1812.6 13

1931.6 100 1931.4 100 1
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Table 4.5. Cofparison of energies and relative intensities in the level scheme of *Kr

obtained in [Win93] and in the GANAAS fitting procedure.

Ref [Win93] GANAAS fit Quality of fit
Energy (keV) Intensity Energy (keV) Intensity (%)
154.2 16 1543 87 4
2478 13 248.1 62 |
2028 155 2637 1551 [
3253 4 o ' o
416.9 i 416.0 43.3 3
433.5 20 433 .4 41.5 1
495.5 7.5 o L o
6142 18 614.6 109.7 6
6293 9.5 6299 447 |
685.3 100 085.7 100 1
691.6 20 6928 193.0 27
758.2 ~ 4 o - L
880.0 5 - - e
904 4 5 904.0 438 1
967.0 8 367.6 7.8 |
1058.7 [0 - - -
1211.5 ~ 4 - - _
1238.6 5 - o T
1313.7 3.5 - - L
13918 4 e -
1564 .8 HO 15651 479 I
1566.3 35 - L L
[596.2 7 - B -
1685.1 12.5

18141 34 1813.6 214 |
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4.2.4, Results of Data Analysis and Discussion

In this section the results of the GANAAS fit of the singles spectrum measured at 90"
from the 'Li+ "Se reaction are discussed. As it can be seen from tables 4.2 to 4.5 for

BERL and "Kr, in all these nuclei the gamma energies fitted by GANAAS are in good

agreement with published data of refs. [Win89,Win93, Win94].

In general the relative intensities obtained from the GANAAS fits are found to be larger for

lines at lower energies and lower at ligher y-energies when compared to the corresponding

values of refs,.. [Wm89, Win93, Win94] (see (ables 4.2 to 4.5). The reasons for this

behavious are as follow.

One reason tor this is related to the response function (efliciency) of the Ge-detector used.
A typical effictency curve tor a Ge-detector is shown in Fig.4 9. It shows that at lower
energies the efliciency is high and as the energy increases the efliciency goes on decreasing.
Therefore, if one corrects the data tor the response function of the detector (by dividing the

intensities by the corresponding efficiency) the intensities at lower energies will be reduced

Deteclion efficiency (%)

0.01

1 L
10 100 1000
Gamma energy [kev}

Fig. 4.9, Typical efficiency curve for a Ge( Li ) detector. plotted on a double-log scale [Fai8 1],
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while those at higher energies will be increased. As a result the relative intensities from
GANAAS fit will come closer to the corresponding values obtained from the refs,

[Win89, Win93, Wino4].

The other reason for the behaviour of the observed relative intensities at lower energies is
related to the special character of the singles spectrum. At lower energies the spectrum is

so densely populated with lines that no isolated peaks could be seen and hence many lines
may be hidden in one peak. Therefore larger intensity are observed for the peaks in this
region. The large ¢~ for these lines is a clear indication of this behaviour. Another possible
source for the deviation which is applicable for any of the lines is the parameter set used

for analysis. For instance, the peak search sensitivity factor is one of the paraimeters which

may affect the intensities of the lines (see [Man91]).

More important is that the relative intensities of the lines obtained from the GANAAS fit
are found to have a similar or equal pattern as those of published data. This is an important
finding as the relative intensities of the y-lines are an essential parameter to characterize the
level scheme. This behaviour will be discussed tor some selected nuclei accessible in the

reaction 'Li + ¥Se at 35 MeV.

A. The Nuclei ***RD
Excited states in the nuclei “"Rb have been studied via the ¥Se ( 'Li, 4n) and “Se( 'Li,3n)
reactions [Win89, Win94]. For the nuclei ““*Rb excited states up to 7.1 and 7.9 MeV,

respectively, have been observed.

As can be seen from table 4.2 almost all lines from “"Rb could be seen by GANAAS in the
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singles spectrum. Even the [820.7 keV line with very low intensity could be found because

of the fact that there are no overlapping peaks near this tine. The only difficulty faced by

[+
o
u
% 35000
&
b4

3430801 %

250801

2008001
r il
e
s
|
u 5-
5 | l
1 |
s

’
|
2728 2748 2768 2780

channel

Fig. 4.10. The complex 662.5 keV peak and the corresponding residuals.

GANAAS is to resolve the three fines around the 062.5 keV line, where two of them have

the same energy (see table 4.2). Instead of three lines GANAAS could fit only a single line
with fit quality of 5. This peak is shown -in Fig. 4.10. The longer tail of the line on the
low-energy side and the residuals indicate that the line is more complex. The energies 662.3
and 662.6 keV can be resolved only in coincidence mode, and the two 662.6 keV transitions

can be put into the level scheme only when using different gates in the measurement.

As we can see from table 4.3 of the “Rb lines and the decay scheme [Win94] (see Fig. 4.12)
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the main y-cascade up to at least I = 12° could be identified. Difficulties arise if we go to
higher spin values (low intensities), or to the side-bands or if the y-lines were identified in
the y-y coincidence mode. Nevertheless, the intensive lines from the side-band with
y-energies of 1598.2 and 1002.4 keV could be identified ir; the spectrum, even if the

corresponding intensities are smaller by a factor of 12 and 6, respectively. Clearly most of
the Y-transitions observed in coincidence experiments can not be seen in our singles

spectrum.

As an example, we consider the 556.2 keV line of *Rb observed with an intensity of 5.6 in
coincidence mode, Around this energy a peak is iden?iﬁed by GANAAS qonsistiné of 3 lines
at 554.4, 555.9 and 557.8 keV (see Fig. 4.11). Therefore, to isolate these lines one has to
do coincidence experiments. On the other hand, the fit result demonstrates the sensitivity of

the GANAAS fitting procedure.

3 *
7 s
g a3
2 -+
- 54 -+
Ia)
" w
t--h
A
|
a.s5-1 _L l I i
xr [, o
1 .
¥
= [~ 9 ,I..l.lnll'llll.ll-. lll_"l.ll.llllllll -1 l~_..l‘l‘-r-—
. LI .
a-.;:ma XTI ZFRD anani2339

Fig. 4.11. Three peaks around 556 keV and the corresponding residuals.
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B. The Nuclei **Kr

In our reaction the creation of the nucleus “Kr is accompanied by emission of one proton
and three neutrons and *Kr by emission of one proton and two neutrons (see table 4.1). To
study the excited states of these nuclei proton-gated coincidence measurements were done
recently by Winter et al. {[Win93] in order to suppress reaction channels with pure neutron
evaporation. Based on these measurements excited states up to 4.8 MeV that are built on
the ground state {spin 9'/2) and on top of the 1772 s isomer at 1991.8 keV could be

identified in the  ™Kr level scheme. For *Kr excited states up to 7.9 MeV have been

observed.
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Fig. 4.14. The residuals give a cluc that the low intensity 1812.6 keV peak is hidden in the more
prominent 18141 keV line from “Kr. while the 1820.7 keV line from *Rb is not deforined by
neighbouring lines.

In table 4.4 it is shown that most of the “Kr lines are seen by GANAAS in  the singles

spectrum. Alb lines (319.9, 1611.6 and 1931.6 keV) that are built on the ground state and
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most of the lines (except the 342 4, 1812.6 and 679.2 keV lines having low intensities) that

are built on top of the 1991.8 keV isomer are found in the singles spectrum.

We mention the situation for one low-intensity transition. As seen from the residual of the
line (see Fig. 4.14) the 1812.6 keV peak is hidden in the neighbouring prominent 1814.1

keV y-line from “Kr.

As already discussed in the beginning of this section at lower y-energies the relative
intensities obtained are too large. This fact can be demonstrated with the help of a low
energy interval shown in Fig. 4.15. As can be seen from the residuals obviously several
lines are hidden in each peak. This results in an artificially increased intensity of the lines
identified by GANAAS. Due to this fact the 60.3 keV line from “Kr has too large relative
intensity. The same argument is also true for other low energy peaks or, in general, where

the density of y-transitions is too high.

Q

.Set 804

L. E-3~

Be+B804

Xy © LW 0N

n " i

2109 21595 220 z225 230 239
channel

Fig. 4.15. Hiustration of the difTicultics faced by GANAAS at lower energics. Several lines are
hidden in the encrgy interval shown. Therefore the intensity. for instance. of the 60.3 keV line in *Kr
comes out too large.
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As far as the lines in the level scheme of ™Kr are concerned at energies above ~ 1000 keV
there are some unseen lines of low relative intensities. To see such low intensity lines
measurements in the y-y or y-particle coincidence modes have 1o be done. The energies of
the lines that are obtained with GANAAS are in a good agreement with the experimental
values obtained by Winter et al. {Win93]. However, for the 262.8, 416.9 and 691.6 keV
fines in ™Kr a shiflt of’about [ keV to the lower or higher direction is obtained in our result
(see table 4.5). The reason for this is the overlapping of different lines resulting in a bad fit

quality for these lines (see table 4.95).

« Be+PO4|-

na328g

R.60+004 1

2,4e+2091

2.2e+004-1

Re+0a44

il 4 1 (1 J

; ¥ 200
208 20AQ 2060 e u:hgnnel

Fig. 4.16. Part of the fitted spectrum between ~ 680 ke to ~700 keV. Only for an isolated peak the
correct energy 15 obtained. When the lines are overlapping the fit is always bad and the correct
energy values can not be reproduced.

For example, in the energy region around 690 keV shown in Fig. 4.16 different lines are
strongly overlapping, and therefore the fit result is bad leading to energy shifis of about
I keV. On the other hand, for the relatively isolated 685.3 keV line from *Kr the fit

quality is good, therefore the correct energy is reproduced by GANAAS.
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Conclusions

In this work the singles spectrum measured at 90" of the 'Li + ™Se fusion-evaporation
reaction 1s analyzed and the results of the analysis is compared with published data taken in
coincidence mode. The analysis is done with the help of a special nuclear analysis software -

Gamma spectrum  Analysis, Activity calculations and Neutron Activation Analysis

(GANAAS).

The GANAAS software package was developed under the control of the IAEA to carry
out neutron activation, X-ray, Mossbauer spectrum analysis, etc. where one deals with a
tew isolated v-or X-lines. In vy-spectra obtained from in-beam measurements using
fusion-evaporation reactions several hundreds of y-lines appear. This work was also aimed
at checking it GANAAS is appropriate to analyze such complex spectra. Though the singles
spectrum is a contribution of y-lines from the isotopes Rb, Kr, Se, and Br, the nuclei chosen

tor a detailed analysis were “™Rb and "*Kr.

The results of the analysis show that the energies of the y-lines obtained are in a quite

good agreement with those of published data. However, some of the expected lines could
not be identified becausé of their low intensities. These lines are tound to be very weak
transitions from side bands or highly excited states of the nuclear level schemes. The relative
intensities obtained trom the GANAAS fit have shown characteristic deviations from
published data. From the pattern of the deviation it is supposed that agreement with
published data can be obtained by correcting the data for the response function of the

Ge-detector used.
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Another possible source tor the deviation might be the nature of the singles spectrum. At
lower y-energies, in general, where the transition density is high, the intensities of the lines
are found too large since in this region many lines are hidden in one peak. Though the
intensities are affected by different factors, the pattern of the relative intensities could be

reproduced.

It should also be remembered that comparison is made between fitted data of a singles

spectrum with those obtained with the help of multi-detector systems measuring y-y or

particle-y coincidences. In the latter case selection of a particular channel is possible and has

been done. This reduces the complexity of the spectra, as a result the analysis will be easier.
In the former case we have only a singles spectrum which is a combination of many
reaction channels. Accordingly the analysis is also difficult. Therefore, with the limitations
that can be done with a single detector and hence singles spectrum the result obtained is
quite satisfactory. No question, GANAAS is a powerful y-ray analysis software package

when one deals with spectra having several tens of isolated y-lines.
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Appendix

Encrgy calibration data and results of spectrum analysis

Table. Al. Energy calibration data.

I
1
2
3
1
2
b
1
o
9

10
11
12
13

peak height

counts

205121
206750
131339
241100
05801
23273
75334
15756
32040
1901
3228
1492
1757

peak position

chamnel #
194.80
903.35
1432.90
2118.25
229284
2063.05
3220, 34
3655.87
1916.15
5680.18
6009, 16
7703.73
8012.73

Energy calibration data——
[itted encryy

kel
125.416
224,659
349,990
514.639
$595.835
644,431
779,236
082.023
1183.640
1366.345
1464.,175
1856.329
1931.396

Entered Energy

keVy

22406699
350. 0400
514,1699
555, 7999
614.3300
779.2100
pi1.9099
1183.609
1366 .400
1464260
1050.420
1931.280




Table. A2, Results of spectrum analysis.

PEAK#  CHANNEL FWHM ENERGY ] AREA QUALITY
(keV] [keVv] [counts] OF FIT

1 165.83 0.977 46.66 14621 + 2827 2,00
2 194,92 0.991 53.62 91788 + 8023 23.00
3 201.13 0.991 55.11 6230 1+ 4538 10.00
4 222.74 1.008 60.28 15810 + 2444 1.00
5 237.14 1.015 ©3.73 27849 £+ 3109 3.00
6 241.94 1.015 64.88 19359 + 3467 6.00
7 248.68 1.015 66.49 30982 + 3419 6.00
8 261.60 1.029 69.58 25190 * 4757 6.00
9 269.07 1.029 71.37 30602 + 5615 9.00
10 284,84 0.879 75.15 6389 t 1802 1.00
11 294,25 1.049 77.40 16866 + 2449 1.00
12 304.83 1.049 79.93 65276 t 5896 4.00
13 308.12 1.049 80.72 147398 + 8041 7.00
14 317.34 1.049 82.93 37644 * 5290 9.00
15 321.35 1.049 83.89 - 160694 + 6967 13.00
16 340.25 1.070 88.41 12010 + 2368 1.00
17 374.74 0.546 96.67 2585 + 1442 1.00
18 388,95 1.096 100.07 19835 % 3713 2.00
19 393.54 1.09% 101.17 61164 + 5040 4.00
20 415,99 1.108 . 106,55 52137 + 4666 3.00
21 419.78 1.108 107.45 166039 t 6062 6.00
22 427.36 1.108 109,27 38092 * 6479 3.00
23 430.94 1.108 110.12 82388 + 5713 2.00
24 445,35 1,123 113,57 21316 + 3526 2.00
25 467.62 0.716 118,90 5184 + 1947 1.00
26 482.13 1.142 122.38 46373 + 5031 1.00
27 485,53 1.142 123.19 71862 + h444 1.00
28 491.79 1.142 124,69 180648 117746 2.00
29 494 .87 1.142 125,43 747625 47853 1.00
30 496.76 1.142 125.88 402964 153420 1.00
31 511,11 1.156 129.32 202521 415737 19.00
32 514.61 1.156 130.15 540870 119030 25.00
33 537.91 1.168 135.73 26978 t 3816 2.00
34 555,70 1.175 139.99 35791 + 4655 3.00
35 574.31 1.18% 144,44 46471 + 2763 1.00
36 597.44 1.195 149.98 45932 + 6869 20.00
37 602.67 1.195 151.23 367583 11304 29.00
38 610.78 1.195 153,18 23505 + 6663 11.00
39 615.46 1.195 154.30 39467 t 4528 4,00
40 623.46 1.195 156.21 40950 t 2957 2.00
41 635.61 1.214 159.12 23794 % 2860 2.00
42 677.99 1,230 169,27 41086 £ 2713 1.00
43 704,81 1.221 175.69 30074 + 2290 1.00
44 127.12 1.254 181.03 13156 + 3312 2,00
45 732.46 1.254 182.30 35413 t 4461 6.00
46 -740.29 1.254 184.18 151156 + 5640 10.00
47 746,28 1.254 185.61 30670 + 4334 7.00




PEAKH

WO 00~ OV U DD

CHANNEL
769.05
775.92
783.36
794.72
825.31
838,62
867.42
872.02
877.97
905,10
908.45
912.19
921.24
924.55
952.15
987.09
993.40

1002.61

"~ 1007.45

1050.46
1058.86
1072.46
1095.14
1123.95
1137.66
1166.74
1173.58
1184.40
1202.66
1239.42
1253.44
1272.31
1287.91
1305.55
1313.80
1351.59
1356.45
1375.00
1408, 32
1429.03
1432.91
1436.86
1454.49
1461.54
1484.62

FWHM

{keV]
1.271
1.271
1.2711
1.271
1.297
1,302
1,266
1.266
1.266
1.329
1,329
1.329
1.329
1,329
1.132
1.362
1.362
1.362
1.362
1.388
1.388
1.388
1.405
1,417
1,417
1.434
1.434
1.434
1.441
1.460
1.460
1.472
1.479
1.486
1,486
1.503
1.503
1.513
1.218
1.510
1.510
1.510
1.539
1.539
1.161

ENERGY |
[keV]
191.06
192,71
194.49
197.21
204,53
207.172
214.61
215.71
217.14
223,63
224.43
225.33
227.50
228.29
234.90
243.26
244,717
246.97
248,13
258,43
260.44
263,69
269,12
276,02
279.30
286,26
287.90
290,49
294,86
303.66
307.01
311.53
315,27
319,49
321.46
330.51
331,67
336.11
344,09
349,04
349,97
350,92
355.14
356,83
362,35

AREA
[counts)
84629 +10305
413837 +21266
31319 £ 8574
155454 + 9768
10280 1+ 2235
35076 t 4243
32172 + 4118
79787 + 4022
29343 £ 3797
260186 +22233

1412720 115246
913228 1£21442
176794 t 7752
839622 + 8197

9071 + 1776
35142 + 3291
44519 + 3258
25666 * 33565
277624 £ 3807
11707 £ 19%6
44292 + 3357
69388 + 5363
51713 * 3669
79670 £ 2769
14590 + 2100

6940 £ 1672
23414 % 1861
81655 + 2409
18954 + 1841
107444 + 4210
54306 + 3292
32722 + 2437

7137 t+ 1897

9996 + 1897
48034 £ 1992
58197 + 5208
222595 + 7043
10302 + 1852

9205 + 1494
90455 +10329
834559 + 6501
93068 * 9855
79398 + 4340

1021287 + 6645

4848 + 1411

QUALITY
OF FIT

51.00
77.00
41.00
33.00
1.00
2,00
1,00
1.00
1.00
4.00
5.00
4,00
2.00
2,00
1.00
2.00
2.00
2,00
1.00
1.00
3.00
11.00
1.00
1.00
1.00
1.00
1.00
2.00
1.00
3.00
4.00
1.00
1.00
1.00
1.00
3.00
6.00
1.00
1.00
1.00
1.00
1.00
5.00
3.00
1.00




el
eline b A R IS B SR FUN RIS :%

CHANNEL

1504 .84
1524.84
1544.77
1566.30
1601.09
1640.53
1652.27
1673.34
1708.70
1732.55
1747.88
1759.95
1781.44
1793.02
1808.06
1837.56
1848.79
1856.41
1869.88
1882.05

1909.02

1929.74
1956.74
1973.59
2001.51
2051.,17
2103.19
2109.68
2118.,98
2133.77
2186.52
2197.84
2212.17
2228.89
2241.08
2267.93
2287.13
2293.23
2301.08
2315.84
2338.18
2361.55
2378.88
2405.43
2412.,95
2451.10
2463.81
2476.23

FWHM

[keV]

1,558
1.565
1,573
1.580
1.592
1.606
1.606
1.616
1.628
1,637
1.637
1.637
1.620
1.620
1.663
1,671
1.671
1.671
1.671
1.671
1.692
1.702
0.862
1.714
0.967
1.738
1,623
1,623
1.623
1.623
1.781
1.781
1.781
1.795
1.795
1.654
1.694
1.694
1.694
1.694
1.510
1.836
1.840
1,848
1.848
1.089
1.867
1.867

v

ENERGY
[keV]
367.19
371.98
376.75
381,90
390.23
399,67
402.48
407,52
415,99
421,70
425,37
428.25
433.40
436,17
439,77
446,83
449,52
451,34
454,57
457,48
463,93
468,89
475.36
479,39
486,07
497,96
510.41
511.96
514.19
517.73
530.35
533.06
536,49
540,49
H43.41
549,84
554,43
555.89
557.77
561.30
566,65
572,24
576,39
582.75
584,54
593.68
596,72
599,69

AREA
[counts]
14294 + 2058
17073 £ 1992
63161 + 2396
12947 £ 2396
31110 + 2568
10758 £ 2046
19681 + 2144
69275 £ 6042
19396 + 4320
18547 £ 1895
147826 * 3887
45452 * 2024
18659 * 1631
49874 * 1662
11709 + 1535
18435 % 3016
37649 + 3930
42350 * 4388
34995 t 3825
22513 + 2968
64934 £ 2171
15042 * 3303
3269 + 1021
67177 + 3828
2596 £ 932
30789 + 3072
519209 £54015
613822 1250205
1932930 *197975
28050 + 4518
42372 £ 2792
8590 t 1660
30762 + 2236
21660 £ 2097
33583 + 2842
5668 + 1442
62925 + 2317
666188 * 44721
27089 + 2106
12248 £ 2263
7260 + 1347
46517 + 2031
15736 * 2202
72905 + 2657
11437 1 2616
2243 * 1037
37553 % 5580
18002 + 3699

QUALITY
OF FIT
1.00
1.00
1.00
1,00
1.00
2.00
2.00
5.00
3.00
1.00
3.00
1.00
1.00
1.00
1.00
4.00
6.00
9.00
8.00.
4.00
1.00
4.00
1.00
2,00
1.00
1.00
1.00
3.00
6.00

o
(=]

NOPRPRRPRRPRPUNNRERFEONRE P NW
<
o




PEAK#H

OO ~IC T LD

CHANNEL

2517
2538
2547
2559
2570

2609
2632
2656

2707
2738
2755
27187
2835
2865
2876

2918
2947

3045
3098
3113
3183

3219
3221

3359
3394
3430
3460

3510

3589

.70
62
.19
.12
22
2602,

58

04
12
.14
2663.
2669,

13
97

.34
.69
42
.97
41
.41
.66
2889,
2901.

00
60

.38
.06
2973.
2996,
3015,
3033.

10
20
00
52

04
.18
.67
.39
3193.
.28
.30
3240.
3288.
3311.
3324.
3340,

68

32
98
69
14
88

.96
.80
.35
41
3470,
3497,

38
69

.26
3527.

57

40
3598.
3607.

49
70

FWHM

[kevl
1.881
1.881
1.881
1.881
1,881
1.905
1.905
1.915
1.922
1,922
1.922
1.845
1.943
1.943
1.376
1.891
1.982
1.982
1.982
1.982
1,982
1.685
1.692
2.015
1.012
2.027
2.027
2.044
2.048
2.068
2.068
2,029
2.029
2.029
2.096
1,797
1.797
2.108
1.560
2.123
2.130
2.139
2.139
1.931
1.931
1.467
2.173
2,173
2.173

ENERGY

{keV]
609.61
614,62
616.67
619.67
622.18
629,93
631.48
637.00
642.89
644.42
646.06
655,00
662.50

666.51 -

674.30
685.65
692.83
695.52
698.47
701.49
705.50
712.37
718.60
724,13
728,63
733.06
735.82
748,68
752.24
768,92
771.39
7717.51
779.43
782.55
794,19
799.63
802.61
806,61
811.18
819,52
828.02
835.22
837.60
844.14
847.15
851.29
866,08
868,26
870.46

AREA
[counts]
171808

49082
48029
33899
85080
20007
25115
5908
26678
199398
23838
135465
h5H75H4
25548
3023
44744
86626
59289
61287
28337
20577
7006
26537
20167

1838

135086

23854
9892
22469
18694
17892
130437
902351
13213
8150
28710

4992

9953

9470

10028
27999
45058
16687
25562
i6642

3141

76426
58228
22139

R T T T T S S R O O R s o s o s ol Ll s s o n s ol ol Ny Hupy Wiy W Ry WUy Py Sy WSy Wy Wy Ay Wy Wy W

3759
2846
2384
2131
2894
2673
2681
1472
3095
3001
2960
2325
4246
2930
1074
3556
7365
6179
5807
3807
3034
1205
1495
2526

667
4509
2376
1395
1924
1618
1597
6977
6307
3455
1322
1094
1077
1449
1126
1421
2055
2831
2603
1240
1211
1154
3616
3702
3216

QUALITY
OF FIT
3.00
6.00
3.00
2.00
6.00
1.00
1.00
1.00
1.00
1.00
1.00
3.00
5.00
6.00
1.00
1.00
27.00
32.00
24.00
16.00
10.00
1.60
1.00
1.00
1.00
5.00
5.00
1.00
1.00
2.00
2.00
9.00
9.00
2.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1,00
1.00
1.00
1.00
1.00
7.00
8.00
4,00
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CHANNEL

3655.
3730.
3747.
3765,
.34
3888.
3945,
4013,
4040,
4084.

3877

4101

4210
4220

4419
4447
4474

4550
4566

4916
4951
5043

5127

86
96
72
88

10
42
57
27
07

22
4132,
4160,
.03
.00
4279,
4330.
4380,
.30
.52
.89
4491,
4502,
.90
.03
4633.
4658,
4669,
4826,
4876.
4889,
4903,

85
67

64
08
03

34
13

58
11
56
48
36
19
58

.50
43
.59
5061.
.73
5175.
5240,
5295,
9337,
5353.
5455,
5478,
5530,
5540.
5609,
5624,

48

08
02
74
54
93
86
50
32
18
96
98

FWHM

[keV]
2.027
1.106
1.986
1.108
2.151
2.151
2.261
1.464
2.283
2,156
1.895
1.802
1.900
2.280
2.280
2.340
2.350
2.283
2.371
1.840
2,385
2.385
2.385
1.816
1.335
1.998
1.651
2.431
2.464
2.273
2,273
2.273
2.273
2.074
2.457
2.457
2.531
2.543
2.309
2.438
2.270
2.100
2.201
2.455
2.268
2.268
1.902
2,167

i

ENERGY
{kev]
881.99
899,96
903.97
908,31
934,98
937.56
951.27
967.58
973.97
984.45
988.55
996,12
1002.78
1014.59
1016.98

1031, 24

1043.31
1055.27
1064.66
1071.41
1077.96
1081.90
1084 .48
1096.15
1099.77
1115.93
1121.80
1124.54
1162.08
1174.02
1177.09
1180.53
1183.62
1191.98
1214.03
1218.31
1234.16
1245.48
1261.02
1274.35
1284.35
1288.27
1312.66
1318.07
1330.47
1332,97
1349.52
1353.12

AREA
[countg]
146819
1890
19617

18492
13752
49868
12414

3481
11216

5502

9169

6373

28312
185303
10986
21688
29639
5375
56667
5186
27959
17834

5920

6068

2423

9909

3516

5785

6836

13086
26421
13219
351200
3781
32902
9968
34108

3497

6839

5545

13479
3782
3027

11030
2468

11970
3577
4383

b M H H H e H H M e e H I H e b o e B o e o o

3117
655
1387
597
2098
2108
1295
856
1423
1146
1028
1013
1508
2543
2032
2328
4364
1000
2110
943
1099
1346
1198
973
771
1050
785
1043
957
1235
1298
1286
3645
925
1198
1135
3426
971
1079
903
1003
863
877
1148
862
809
816
848




PEAK#

ORI WN

CHANNEL

5680,22
5709.54
5790.44
5968.76
6010.33
6048.49
6089.42
6135.07
6422.40
6511.25
6529,10
6542.83
6650.99
6707.19
6719.81
6799.72
7018.06
7038.79
7401.72
7408.16
7550.27
7579.98
7703.74
7834.95
7899.00
7951,57
8042.78

(keV]
2.471
1.328
2.3H9
2.397
2.158
2.725
2.643
2.076
2.299
2.672
2.672
2.672
2.842
2.466
2.466
2.815
1.457
2.693
1.830
1.830
3,011
2,248
3.028
3.064
3.073
2.071
3.087

ENERGY
[keV]
1366.33
1373.34
1392.70
1435.36
1445.30
1454.43
1464.22
1475.14
1543.87
1565.12
1569.39
1572.68
1598.55
1611.99
1615.01
1634.12
1686.35
1691.30
1778.11
1779.65
1813.64
1820.74
1850.34
1881.72
1897.04
1909.61
1931.42

AREA

[counts]

22808
1241
25416
5767
7580
17483
41092
3052
5142
21419
17949
3818
23106
5016
1663
4616
1621
3977
2022
3483
9586
3916
23392
4517
6062
2709
26785

- H M e e

1591
505
1056
872
1125
1450
1779
709
814
770
780
788
1378
698
692
822
442
776
584
578
1490
684
2223
757
898
568
1078

QUALITY
OF FIT
1.00
1.00
1.00
1.00
1.00
1.00
2.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00




