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CHAPTER 1 

Introduction 

1.1 General features 

The interaction process between a projectile and a target nucleus 
can be divided into two groups, direct and compound reactions, even 
though it is not always easy to establish a sharp distinction between 
these two groups. The division is done according to the most energetic 
particle of the combined system (projectile +taxget) being bound or 
unbound 1 1. If the particle is unbound it will be emitted rapidly, in 
the time taken by the projectile to traverse the target nucleus. This is 
called a direct emission and it is preferentially forward peaked. If it is 
bound, it would mean that none of the nucleons have enough energy to 
escape from the system but they can undergo several collisions, grad
ually spreading their excitation energy over the whole system forming 
a compound nucleus. It takes a great number of exchanges and thus 
a long time before enough energy is concentrated on one particle so 
that it can be re-emitted by the compound system. 

The concept of the compound nucleus was first introduced by Niels 
Bohr in 19362'. According to his hypothesis the compound nucleus 
lives long enough to establish a statistical or thermal equilibrium be
fore it decays. During this time the energy of the projectile is shared 
amoung the nucleons of the compound system and all memory of the 
formation channel is tost except those given by the conservation laws 
of energy, angular momentum and parity. Niels Bohr's hypothesis be
came the basis of the Statistical Model which was first developed by 
Bethel and Weisskopf4' in 1937. 

With increasing excitation energy of the compound nucleus, its 
lifetime becomes shorter and shorter due to a larger number of avail
able decay channels. In such a case it is necessary to compare the 
lifetime of the compound nucleus to the time of formation of an equi
librium in order to determine if the conditions for an equilibrium 
system are fulfilled. In other words, one can say that a compound nu-
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cleus in thermal eqilibrium is formed if the time required to establish 
equilibrium within the nucleus is small compared to its de-excitation 
time. 

The main idea of this thesis is to study the decay pattern of highly 
excited nuclei for which the decay process is expected to be governed 
by statistical laws. The aim is to investigate how good the Statis
tical Model describes the nuclear system and to search for possible 
deviations from it. Such deviations can occur due to selection rules 
of the decay mechanism or due to conservation of quantum num
bers. Furthermore, with increasing excitation energy the nuclei are 
expected to undergo several structural changes (like pairing collapse, 
shape changes, etc.) which are not taken into account in the schematic 
Statistical Model of heated nuclei. It is a challenge to investigate if 
and how these structural properties reveal themselves in the decay 
mechanism. 

The deformed rare-earth nuclei have a smaller value of the pairing 
gap parameter and a larger density of states at low excitation energy 
as compared to the closed shell nuclei. Therefore, they are specially 
suitable for the investigations of the statistical behaviour. 

1.2 Compound or direct reactions ? 

In this work, highly excited states of some rare-earth nuclei are pop
ulated through direct (3He,a) pick-up and (3He, sHe') inelastic reac
tions. Our assumption is that the lifetimes associated with the decay 
process following the direct reactions are large enough for the nu
cleus to form an equilibrium. If our assumption is realistic, both the 
particle emission and the 7-ray spectra should be similar to the sta
tistical decay pattern of a compound nucleus even though the states 
are populated via a direct reaction. 

In the (3He,a) reaction a neutron is picked up from the surface of 
the target nucleus producing a high-j single neutron hole state. The 
spin Ix of the populated state is restricted to the vector sum of the 
target spin and the angular momentum of the transferred particle 

Ix = Jtarott + J- (1) 
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In the inelastic reaction the projectile interacts with the target 
nucleus as a whole and usually leaves it in a vibrating or rotating 
mode of excitation. 

The choice of direct reactions allow us to study the statistical 
decay mechanism in a more exclusive way than what is possible when 
heavy ion induced compound reactions are employed. These reactions 
populate a wide entry region in both energy and spin. On the other 
hand, both ( sHe,a) and (3He,3He') reactions populate selected states 
in a narrow, low spin window which give a good energy separation in 
the 7-ray spectrum between the statistical dtpole (El) and collective 
(E2) transitions. 

There is only one outgoing particle in both of the direct reactions. 
Thus, the excitation energy Ex of the daughter nucleus is simply given 
by 

E, = ea + Q - €b + c (2) 
where ea is the projectile energy, e& is the energy of the emitted particle 
(both given in the laboratory system) and Q is the reaction Q-value. 
The term c contains kinematic corrections due to the transformation 
of energies to the laboratory system. The excitation energies after the 
direct reactions are determined with a precision better than 100 keV. 

1.3 Contents of this work 

In chapter 2, a short review of the statistical concepts which are ad
dressed to in this work, is given. The papers which contain results 
from the decay pattern studies performed at the Oslo cyclotron are 
presented in chapter 3. These studies cover 7-decay following exci
tations up to the neutron binding energy and even up to the region 
where the fission barrier5' is expected to be located. The experimental 
method which is explained in the papers is suitable for investigations 
of both the detailed peak structures and also the gross properties in 
the 7-ray spectra. Furthermore, methods to extract neutron energies 
from particle - 7 coincidence measurements are also presented. The 
observed decay properties are compared to the expectations from a 
statistical decay. The results are summarised and the conclusions are 
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given in chapter 4. 
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CHAPTER 2 

The Decay of the Compound Nucleus 

The decay probability of the equilibrated compound nucleus into a 
particular channel is determined by the competition of a specific decay 
mode relative to all other possible modes and it depends on the density 
of the'final states and barrier penetration factors. The level densities 
play a particularly important role in the decay properties of highly 
excited compound nuclei. 

After the compound nucleus reaches a statistical equilibrium, it 
starts slowly emitting particles until this is no longer possible ener
getically. Finally, the ground state is reached by emission of 7-rays. 

The decay probability for neutron emission is, in general, larger 
than for the emission of protons or other charged particles, since the 
latter particles must penetrate the Coulomb barrier. 

In the following sections, a short summary of the theory for the 
decay of the compound nucleus and a description of the nuclear level 
density will be given. This summary is mainly based on the works of 
T. Ericson1' and J.M. Blatt and V.F. Weisskopf2*. 

2.1 Part icle emission 

In an ideal case one would expect the energy distribution of the emit
ted particles to consist of a series of peaks which give a picture of 
the spectrum of the residual nucleus. To every level with excitation 
energy Ex of the residual nucleus there corresponds an energy e of 
the outgoing particle b. However, already at relatively low excitation 
energies Ez the energy levels become closely packed and the average 
width of these levels are much smaller than our experimental energy 
resolution. In such a case, we can not distinguish the levels from each 
other and we obtain a continuous energy distribution for the outgoing 
particle b. 

The intensity distribution of the outgoing particles is given by 
J6(e:)de = C 2 ep{Es) ac{e,Ex) dz (l) 
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Figure 1: Energy distribution of evaporated neutrons. 

where p[Ex) is the level density at the excitation energy Ex of the 
residual nucleus, ae[e,Ex) is the cross section for the formation of the 
compound nucleus when the excited residual nucleus is bombarded 
with a particle of energy E. Here, Ci is a constant. 

We obtain a rough estimate of the shape of h{s) by introducing 
a thermodynamical concept, the nuclear temperature T\ which is a 
measure of how fast the level density at a given excitation energy 
grows with the excitation energy. Then we obtain 

h{e)de = C2ee<--'Wce{£,Ex)d£. (2) 

If we assume that the nucleus is a black body which absorbes all 
the particles incident on its surface and if we consider only the neu
trons for which there is no Coulomb barrier, the distribution ijj(e) 
is mainly determined by the factor Nn = ee^~'^Th This distribution 
which is shown in fig. 1 corresponds to the Maxwell energy distribu
tion of molecules evaporated from a surface of tempetature T. The 
maximum of Nn lies at e = T and the mean energy e = 2T, where T 
is the temperature of the residual nucleus after emission. 

2: 
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E 7 

Figure 2: Energy distribution of statistical 7-rays. 

The application of the temperature concept to nuclear reactions 
is based on a resemblance of the excitation of the compound nucleus 
to a heating process. 

2.2 Gamma radiation 

After the emission of a particle 6, the residual nucleus, in many cases, 
is left in a highly excited state from where it can continue emitting 
other particles until evaporation of particles becomes energetically 
unfavoured. Then the final nucleus, if still highly excited, de-excites 
in a ^-cascade which mainly consists of statistical El- transitions3' 
until the yrast line is reached. 

A distribution which is similar to that of the particles is given for 
the emitted statistical -y-rays2). This distribution is shown in fig. 2 
and is mainly governed by the factor 

£ ? J + 1 />(£, " £,) «r E?+' e ( " £ , ' : r ) • (3) 

Here, X shows the multipolarity of the transition and T is the tem-
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perature of the nucleus in its final state. With A = 1 the distribution 
has a maximum energy at 3T and a mean energy of En = AT. 

The relation given in eq. 3 assumes that the energy of the decaying 
state is well below the giant dipole resonance energy of about 15 MeV 
for A~160. If the decay of this resonance is taken into account, the 
exponent n = 2\ + 1 may have a value4' between 3 and 6. 

2.3 Nuclear level densities 

A calculation of the level density means determining the number of 
different ways in which the excitation energy can be distributed among 
the single particle states- The nuclear level density is a rapidly in
creasing function of the excitation energy as a consequence of many 
different ways into which the particles can be rearranged at higher 
energies. In a rare-earth nucleus with A~160, the level density is ex
pected to be around 3xl0 5 levels per MeV around the neutron binding 
energy of 7-8 MeV6). 

It is mentioned earlier that the decay mechanism is very sensitive 
to the level densities. An accurate determination of the level density, 
however, is not an easy task and it is model dependent. 

Only a few MeV above the ground state, the level density in
creases so strongly that instead of trying to distinguish the levels, it 
becomes more reasonable to study the average properties of neigh
bouring states. This is done by employing statistical and thermody-
namical descriptions of nuclei. 

A model which is widely used for level density calculations is the 
Fermi gas model. In this model6' the level density is given as 

for a system of protons and neutrons with N ~ Z. Here, Ex is the 
excitation energy, a = ir2g/6 is the level density parameter and g is 
the sum of the proton and neutron single particle level densities at 
the Fermi energy. 

The dependence of the level density on excitation energy arises 
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from a simple relation between excitation energy and nuclear temper
ature 

Ex = aT2 (5) 

given in analogy with a ther mo dynamical system of non-interact ing 
particles. 

The above description is, however, a strong simplification. The 
level density is strongly influenced by the nuclear shell structure and 
the pairing correlations. The effect of shell structure leads to a dra
matic increase in the number of levels for midshell nuclei as compared 
to nuclei in the neighbourhood of a closed shell. This is due to the 
low density of single particle states at the Fermi energy for a closed 
shell nucleus. 

The pairing correlations result in a difference of the level density 
between odd and even nuclei. At the lowest excitation region, the 
odd nuclei show a number of states which can be identified with shell 
model configurations while the neighbouring even nuclei, in the same 
region, have only a few states which can be associated with collective 
excitations of nucleus, like vibrations and rotations. This region of 
energy in the even nucleus in which only the collective excitations 
appear is called the energy gap. And the sudden appearance of many 
states just above the gap can be due to the states formed by breaking 
pairs. 

The pairing correlations are weakened by increasing excitation en
ergy or temperature. At a critical energy which is determined by the 
number of unpaired nucieons, the pairing correlations are expected 
to vanish leading to a phase transition from a superfluid phase to a 
Fermi gas (normal) phase. Such a phase transition should manifest it
self by a rapid increase of the level density in the region of the critical 
point. Furthermore, at even higher excitations also the shell effects 
are expected to vanish. 

A realistic calculation of the level densities, including all these 
characteristics of nuclei, could be done using the nuclear shell model 
which includes residual interactions between the nucieons and also 
the effects of deformation. Such a calculation would be very complex 
especially at higher excitation energies. 
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A rough correction for pairing correlations and shell effects can be 
done in the simple Fermi gas formula given in eq. 4. The pairing effect 
is accounted for by replacing the excitation energy Ex by Ex — 2A for 
even-even nuclei and by Ex — A for odd-A nuclei. Emprical values of 
the level density parameter a and the pairing energy gap A are used 
and contributions to the level density due to the collective excitations 
are included. 

The effect of the angular momentum on the level density6' can also 
be taken into account. This is done mainly by replacing the energy 
Ex by Ex — Er„t which is due to the fact that the energy required for 
rotation can not be used for the intrinsic excitation of the nucleus. 

It should be mentioned that, even a formula with these improve
ments is, however, far from being realistic. The structural changes in 
nuclei, due to for example deformation changes, pairing collapse and 
vanishing shell effects, are not accounted for in this model. 
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Abstract: The y-decay foil- wing (he ' " ' ' " D y ^ H e , ax n) reactions wjjh Ei„t = 45 McV has been studied. 
Non-statistical >• radiation with energies of E T = 1 MeV and - 2 MeV is found for various residual 
nuclei. The properties of these y-ray bumps depend on the number of emitted neutrons and reveal 
an add-even mass dependence. New techniques to extract average neutron energies as a function 
of excitation energy and of the number of emitted neutrons are employed. The deduced neutron 
energies are consistent with Ferm i-gas model predictions. 

NUCLEAR REACTION ' " ' " D y l ' H e , j t n a ) , E = 4 5 M e V ; measured ff(£„), E y . J v , ay-

E coin. '«• ' "••«"- '^•"•Dy deduced 7-multiplicity, neuiron energy, a-spectra. Enriched targets. 
Gc. Nal , Si detectors. Fermi-gas model analysis. 

I. Introduction 

In this paper we investigate the decay properties of some Dy nuclei in an excitation 
energy region from the ground state up to the threshold for fission. The nuclei are 
excited through the (3He, or) one-panicle transfer reaction. The nuclear spin is 
therefore restricted by the range of single-particle angular momenta available. In 
the ("'He, a) process we expect the excitation energy to be distributed over various 
intrinsic modes of motion, which makes it possible to associate the excitation of 
the nucleus with a heating process. 

In general thermodynamics, temperature is a concept defined for slates of equili
brium. Such a condition may not be fulfilled for nuclear states. A sufficient density 
of states, and a lifetime long enough to ensure that the energy supplied is distributed 
statistically on the various degrees of freedom in the system, arc both necessary 
conditions. In the discussion below we compare the experimental results with 
expectations from such a thermodynamical picture of the nucleus. Both the emission 

0J 7 5-9474,'87/$03.50 [£ Elsevier Science Publishers B.V. 
( N o n h - H o l b n d Physics Publishing Division) 

15 



270 .4. Aiat ei al. I Decay of hoi dysprosium 

of particles in evaporation-like spectra and the shape of the statistical y-ray spectra 
give support to the relevance of the concept. 

The aim of this investigation is to gain further insight into the structure of states 
built up by mmnsic excitations and about the physical laws that govern this interplay 
of nucieonic motion. The method employed is to study the detailed peak structures 
as well as the gross properties in the spectra of y-rays emitted from the various 
excitation energy regions. 

2. Experimental method and results 

Self-supporting targets of '"Dy and '"Dy, isotopically enriched to 96% and 97% 
respectively, were bombarded with 45 McV 3He particles from the MC 35 cyclotron 
at the University of Oslo. Charged panicles and 7-rays were detected in a set-up 
consisting of four AE-E particle telescopes and four >-ray detectors. The technique 
employed is described in detail in a previous paper l ) . 

The panicle telescopes were placed symmetrically around the beam axis at 40° 
forward angle. The AE and E Si detectors had thicknesses of 150 u-m and 300 jim 
and were used to select a-particles with energies between 20 MeV and 60 MeV. The 
Q-values for the '^Dy^He, a ) I 6 ,Dy and l"Dy( JHe, a) '"Dy reactions are 12.6 MeV 
and 14.4 MeV, respectively. Thus we were able to study the region from the ground 
state up to approximately 40 MeV of excitation energy under the present experi
mental conditions. The total solid angle for the four telescopes was 0.26 sr, and the 
average energy resolution (FWHM) was around 300keV. 

The experimental singles a-paniclc yield recorded as a function of energy is 
shown in fig. I for the two reactions. The analysis of the fJHe, a) spectra were 
hampered by the impurities of carbon and oxygen in the targets giving rise to 
significant a-particle peaks, as clearly seen in the upper pan of fig. 1. 

Separate experiments were carried out with a foil of natural carbon and a thin 
paper as targets. From these spectra a contamination spectrum was constructed with 
the same ratio between carbon and oxygen as in the dysprosium experiments. In 
the lower pan of fig. 1 are shown the spectra from the two reactions after subtraction 
of the contamination spectrum. All impurity peaks were not removed from the 
spectra in this way. Among these, the broad peak at around 44 MeV is presumably 
the result of a pile-up peak from Ihe AE counters. This contribution is particularly 
unpleasant in the spectrum from the '"Dy( 3He, a) reaction. 

A comparison of the two corrected spectra shows that the o-particle yield varies 
less than 30% for a--particle energies between 20 and 53 MeV. Consequently, for a 
scattering angle of 40°, the ("'He, a) reaction excites the Dy nuclei with approximately 
constant probability for excitation energies ranging from a few MeV up to nearly 
40 MeV. 

Singles Q-particle spectra were recorded along with the panicle--v coincident 
events. Two 19% Ge detectors provided high resolution y-ray spectra which are 
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employed to identify various residual nuclei by their yrast transitions. Two 5"xS" 
Nal counters, equipped with appropriate lead-collimators, recorded the y-radiation 
with a total detection efficiency approximately independent of the y-ray energy. 
The Nal spectra were used to determine the average ?-ray energy and the y-
multiplicity as a function of excitation energy. 

Alpha-coincident y-ray spectra recorded with the Ge detectors are shown in fig. 
2. The upper spectrum is from the '"Dyl/He, axa) reaction and the lower one from 
the '"'Dyl'He, a.vn) reaction, with no restrictions on the a-panicle energy. Con
sequently, the spectra represent the total yield from the reactions and provide 
information about the relative channel cross sections. The even-even final nuclei 

Dyl He.axn) Dy 

0 01 0.2 0.3 0 4 0 5 0.6 0 7 0B 0 9 10 

GAMMA - RAY ENERGY [MeV] 

. Gamma-rav spectra from Ge detectors laken in coincidence with the n-panicle^ 

18 



A. Ataf el al.! Decay of hoi dysprosium 21i 

are easily identified from the limited number of prominent ground band transitions, 
in contrast to the odd nuclei where the decay is spread aver several competing 
transitions. 

In the y-ray spectrum from the 1 6 JDy( JHe, axn) reaction the yrast transitions 
from three even-even final products are easily identified. The relative intensity ratios 
of the 4 + - 2 + transitions in 1 6 :Dy, l 6 0Dy and I S BDy are 1.0:1.2:0.3, respectively, in 
this case relatively low population of I S i tDy is due to the energy threshold of the 

' particle detectors. In the radiation following the '"Dyf^He, axn) reaction the 
intensity ratio is 1.0: l.l for l 6 0Dy and l 5 KDy. 

Since the intensities of y-rays from the even-even products are approximately 
equal, these nuclei account for equal fractions of the total reaction yield. Further
more, since the differential (JHe, a) cross-section at 6 = 40° is nearly constant in 
the studied energy region, these yields are fed from equally wide excitation energy 
domains of the a-particle spectra. 

3. Gamma-decay properties 

3.1. FEEDING REGIONS 

Fig. 3 shows a-particJe spectra obtained with gales on prominent y-lines in the 
Ge spectra (see fig. 2) which are known to belong to the decay of the various Dy 
isotopes. These a-particle groups show the energy regions in the nucleus directly 
created in the transfer process which feed the various final isotopes. These feeding 
regions are the results of the balance between the two decay modes; panicle 
evaporation and y-decay. 

The ground band transitions contain a major part of the total yield, therefore the 
corresponding feeding regions are well established. However, the total y-decay 
intensity in the odd nuclei is widely spread on many transitions giving Jess sig
nificance in the results for these nuclei. As seen from fig. 3, the extracted a-particle 
yield for ""'Dy is particularly weak. 

It is evident from the lower part of fig. 3 that the heaviest products in both 
reactions have fairly well separated feeding regions. This fact illustrates that neutron 
evaporation is much more favourable than y-decay in cases where both processes 
are energetically possible. When more than one neutron evaporates, the associated 
a-particle spectrum becomes more like a gaussian distribution, indicating the compe
tition between the neighbouring channels. At higher n channels, the a-particle 
distributions tend to have extensions towards lower a-particle energies. This feature 
is clearly visible in the feeding regions of , 6 0Dy from both reactions. Here, the data 
indicate that neutrons with energies as high as 10-12 MeV are emitted. 

Table I shows the centroids and FWHM values deduced from the feeding regions 
in fig. 3. The FWHM values are rather constant for the n = 1-3 channels. This 
confirms the conclusion of sect. 2 that various regions constitute nearly identical 
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Ov( Heaxnl Dy Oy I He.cunl " Dy 

20 X 
ALPHA - PARTICLE ENERGY [MeV] ALPHA - PARTICLE ENERGY [MeV] 

Fig. ?. Alpha-panicle spectra produced wilh gales on 7-lines which belong to various Dy isotopes. 
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TASLI-. 1 

Pr op* nie ? of a-panicle distribuiions 

(McV) Final nucleus (McV) (M<rV) 

" " D y 53.0(51 6.0 (X] 
l e u D v 42.7(2) 11.9120) 
' " D v 31.4(2] 8.0(20) 
" "Dy 23.7(14) loo ao) 
' « D y 53.0 ( j ) 6.HI6) 
" "Dy 45.5(7) 11.5(22) 
' " D y 35.1(5) 11.5(20) 
' " D y 26.6(8) 10.3 (20) 
' " D y 19.7 (S) 6.8 (61 

effective widths. Relatively low FWHM values of the On channels, feeding regions 
of '"'Dy and l 6 3Dy, are due to their well-separated particle groups. The low FWHM 
value of the 4n channel is a result of the energy threshold of the particle detectors. 

3.2. DECAY STRENGTHS 

The -y-ray decay pattern of various final Dy i.wdei can be studied in detail by 
gating on the appropriate feeding regions shown in fig. 3. The most pronounced 
T-lines in the gated Ge spectra of the even-even nuclei belong to the yrast transitions, 
which is also seen in fig. 2. However, in the gated Ge spectra transitions between 
vibrational states and the ground band members are also evident. 

The y-dceny sirengths for various isotopes are shown in fig. 4. The uncertainties 
of the intensities of resolved lines are estimated to be 10%, rising to 50% for the 
weakest ones. The total side-feeding into the yrast band is determined from (he 
differences in intensities of the forthcoming yrast transitions. Furthennore, we divide 
the side-feeding intensities into two components. The first component represents 
discrete y-lines from well-known low-lying vibrational states. The other component 
constitutes the intensity from higher excited states in continuum. Thus, the intensities 
noted as unresolved in fig. 4 represent the side-feeding not accounted for by ihe 
discrete transitions from the vibrational states. One should point out that the 
separation into two components might be somewhat doubtful due to difficulties of 
observing weak y-lines. 

In spite of these difficulties the data (see fig. 4) show that the relative importance 
of the various decay routes changes with the number of emitted neutrons. The 
'"Dyr'He, a) l b I Dy channel reveals decay of high-lying (£,>2MeV) levels with 
one branch feeding directly into the ground band and another branch going into 
the vibrational bands. Both routes seem to have the same strength. However, for 
the In channel ("'"Dy) a direct feeding into the ground band seems more favoured 
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than the decay via the vibrational bands. In , 5 KDy, where 4 neutrons are evaporated, 
mainly the direct feeding to the ground band levels is observed. The same trend is 
seen in the ""Dy('He, axn) reaction for the residual l 6 UDy and ls*Dy nuclei. The 
>•-strength which feeds directly into the ground band increases with a factor of 1.6 
as the number of emitted neutrons increases from 0 to 4. The spin distribution of 
the side feeding to the yrast states does not show any systematic changes, although 
there is a tendency that the width increases with the number of emitted neutrons. 
Thus, the change in decay routes cannot be explained by differences in the populated 
spins only. 

The observed differences in the decay routes may be related to changes in the 
average structure of the populated daughter nuclei, due to the evaporation of 
neutrons. The emission of neutrons will presumably smear out or remove particular 
structures of the nuclear states, e.g. single- or two-quasiparticle configurations of 
dominance. 

J.3. GAMMA-RAY BUMPS 

Further information about the y-decay properties is obtained from the coincident 
y-ray Nal spectra of fig. 5. Apart from the low energy yrast transitions, the intensities 
of the y-ray spectra decrease exponentially as a function of y-ray energies for both 
even-even and odd-even nuclei (indicated by the dashed lines in fig. 5). However, 
the spectra of nuclei produced in [he few n channels show deviations from this 
statistical shape. 

The heaviest even-even reaction products exhibit two y-ray bumps which are 
superimposed on the statistical shape. One of them is centered around a y-ray 
energy of 1 MeV and the other one, which is wider, is located slightly above 2 MeV. 
A general decrease in the strength of the bump structures is observed as the number 
of emitted neutrons increases. For 1 M Dy the bump structure is completely washed 
out. The y-ray spectra of the odd mass nuclei reveal a 2 McV bump with roughly 
the same strength as for the even-even nuclei. However, the 1 MeV bump is absent. 

The bump structures have been observed earlier in several deformed rare earth 
nuclei 2"t). We therefore believe that these bumps represent a characteristic y-decay 
pattern of highly excited low spin states in deformed nuclei. Their significant 
contribution to the total y-decay make them of considerable interest. 

In order to gain insight into these nonstatistical structures, simulations s) of the 
y-decay within a Fermi-gas have been performed. The y-decay from a certain energy 
region f, is estimated using the Monte Carlo technique with the decay probability 
function 

P(Ey)ccE;P{E,~E7). (I) 

Here, fy is the y-ray energy and p is the level density which is computed in the 
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GAMMA - HAY ENERGY [MeV] 
Fig. 5. Gamma-ray spectra of various P y nuclei. 

excitation energy region after the y-emission. The exponent n is believed to be 
between 3 and 5 [ref. *)J. In the lowest excitation energy region (£, < 2 MeV), the 
level density can be approximated by counting the levels. For higher excitation 
energies (£ ,>2 MeV), a level density function of the independent Fermi-gas model 
with pairing is used (see Richter7)). 

The simulations indicate thai the 1 MeV and 2 MeV bumps originate from the 
lowest excitation energy region where a larger variation in the level density is present. 
Qualitatively, the ] MeV bump corresponds to transitions from the lowest-lying 
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two-quasiparticle states ( £ , = 2 MeV) to the vibrational states <£, ~ 1 MeV) and 
from the vibrational states to the ground band states. The modet gives contribution 
to the 2 MeV bump from transitions originating from iwo-quasiparticlc states (E,= 
2 MeV) decaying into the ground band. By this interpretation, the bump structures 
represent the two groups of transitions shown in rig. 4. 

An interpretation of the 2 MeV bump in the odd system is given by Chen and 
Leandcr using the particle-rotor modelB**). They explain the occurrence of the bump 
by the favoured interband M l y-ray transitions between the widely separated high-J 
orbitals. 

4. Gamma-ray multiplicity 

The y-ray multiplicities of the l 6 ; Dy(*He, a) and l w D y ( J H e , a) reactions are 
shown in fig. 6. These spectra are obtained by dividing the a-particle spectra taken 
in coincidence with y-rays measured in the Nal counters by the corresponding 
singles a-particle spectra. A y-ray energy threshold of 430 keV was chosen for rhe 
Nal counters in order to obtain an almost constant detection probability as a function 
of Ey. Since the ground band transitions have energies below this threshold, the 
y-ray multiplicity spectra of fig. 6 include statistical or quasistatistical y-cascades, 
only. The absolute normalization of the multiplicity spectra is determined with an 
accuracy of 20%. 

For a-pcrticle energies above the neutron binding energy B„, the multiplicity 
increases with decreasing a- particle energy in both nuclei. There is a sudden drop 
in multiplicity just below Bn. This sharp edge in the multiplicity spectrum demon
strates that neulron emission dominates as soon as this decay mode is energetically 
possible. The y-ray multiplicity below B„ is due to the y-ray transitions in the 
daughter nucleus after the neutron emission. Also, the evaporation of two neutrons 
at a-particle energies just below fl,„ is associated with a decrease in multiplicity 
for both reactions. The multiplicity curve reveals a possible even-odd mass depen
dence. In the even-even nuclei the muliiplicily reaches a maximum of about 4 and 
approximately one unit less in the odd nuclei due to the lower neutron ihreshold 
there. 

Similar sudden drops are not clearly observed in the lower a-particle energy 
region. This may be due to the competition between the neighbouring channels. In 
the high excitation energy region (low a-particle energy) the multiplicity has values 
close to the maximum for the even-even nuclei, even through the y-ray emitters in 
this region are both of even-even and odd-A type. 

The increase in multiplicity with excitation energy is probabily associated with 
the change in the decay routes as shown in fig. 4. The deray routes which populate 
directly the ground band seem to contribute with a higher multiplicity than the 
decay routes which also include the population of vibrational states localized in the 
1.0-1.5 MeV excitation energy region. 
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"Oy^He/He^'Dy '"Dy^He'He^Dy 

20 30 40 50 20 30 40 50 

ALPHA-PARTICLE ENERGY [MeV] 

Fig. b. The upper pan shows [he singles a-particle spectra. The coincidence a-pa nick spectra (middle 
pari! are taken in coincidence with y-rays from the Nal counters. The lower spectra show the y*ra> 

multiplicities as a function of »-particle energy. 

5. Determination of neutron energies 
The experimental data provide information about gross properties of the neutrons 

emitted after the transfer reaction even though the neutrons are not directly observed. 
Thus, the features of these neutrons are deduced from the observed tr-particle and 
y- ray quantities. An outline of the technique is given below. 
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Let us assume that the pick-up process leaves the nucleus with an excitation 
energy EK, sufficient Tor a forthcoming evaporation of .v neutrons. Thus, the energy 
relation 

E%= 1 £, + B,„+E't (2) 

is fulfilled, where Bt„ is the threshold energy for the emission of x neutrons, E[ is 
" the excitation energy of the daughter nucleus before r-decay and e, is the energy 

carried by a neutron. It follows that 
<*) = I l/.r)((E,)-8.„ -<£ ' .» , (3) 

where 

i = U/*) I «,. (4) 

The excitation energy (B[) is connected to the y-ray multiplicity by 

An analysis of the average neutron energy as a function of excitation energy can 
be carried out using eq. (31. The y-ray multiplicity of l 6 :Dy as a function of excitation 
energy is shown in fig. 7. Above the neutron binding energy, the multiplicity curve 
corresponds to transitions in l 6 lDy. This spectrum is compared to a fit to the 
multiplicity curve obtained in the '"Dy( JHe, a) reaction (dashed curve). The 
difference between the two slopes is related to the energy carried away by the emitted 
neutron. The average neutron energy <F) obtained in this way (it corresponds to the 
x = 1 case of eq. (3)) is shown as a function of the excitation energy in fig. 8. It 

16 U 12 10 8 6 U 2 0 

Ex(MeV) 
Fig. 7 The low eu'Ltaiion energy purl of the mulliplkit) s peel mm from the , M D y t 'He. a> reaction. 
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<£> [MeV] 

o l — i — i — i — i — i — i — 1 — 1 — * 
0 1 2 3 4 5 6 7 6 

Ex-Bn [MCV] 
Fig. 8. Average energy of evaporated neutrons from '*JDy is shown as a function of excitation energy 
above the neutron threshold. The lack of experimental daia between 5 and 7 MeV is due to impurities 

in the singl» spectra (see lig. 1). 

should be noted that the experimental conditions correspond to an average over all 
neutron angles. Unfortunately, the impurity which lies around E„=44MeV (see 
sect. 2) prevents a detailed investigation. However, an increase in the average neutron 
energy is evident by increasing excitation energy. A linear fit to the data (solid line) 
gives a rate of df/dE, = <0.3 ±0.1) and an average neutron energy of <f) = 
(1.3*0.3) MeV. These values are averaged between excitation energies of 1 MeV 
and 8 MeV above the neutron threshold of £, = B„. 

In a statistical description of the compound nucleus, the average neutron energy 
is relate 1 to the temperature of the final nucleus '") as {p> = 27". Thus, the increasing 
average neutron energy in fig. 8 indicates an increasing temperature in the daughter 
nucleus by the excitation energy. The average temperature for the In channel 
deduced from the above given neutron energy is (0.65±0.151 MeV. 

The experimental daia permits us to employ a different method to study the 
average neutron energies also at the higher xn channels. Here, we apply eq. (3), 
where (Ex) is determined as the center of gravity for '.he a-particle groups of fig. 3 
which are taken in coincidence vith y-rays in the corresponding daughter nucleus. 
The average excitalion energy (E[) can be evaluated from the v-ray multiplicity 
{M,), by using eq. (5) where the average y-tzy energy {Er) is determined from the 
Nal y-ray spectra. 

The resulting average neutron energies (£), are shown in fig. 9 as a function of 
the number of emitted neutrons. The average neutron energy in the J/J channel of 
the ""'Dy^He,a) reaction is calculated to be (1.4*0.2) MeV in perfect agreement 
with the data of fig. 8. When 2 and 3 neutrons are evaporated the average energy 
increases to approximately 2 MeV. 
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Number of emitted neutrons x 

Fig. 9. Average energy afevaporaied neutrons is shown as a function of the number of emitted neutrons. 
The squares show the results from the ' " D y t ' H e , a) reaction whereas the circles represent the results 
of the ' " D y ^ H e . o) reaction. The dashed curve is obtained from a statistical model calculation with 

ihc level density parameter a = 16 MeV ' 1 . 

A theoretical estimate (dashed line in fig. 9) is obtained with the computer code 
CASCADE ") which calculates the neutron evaporation spectra after the formation 
of a compound nucleus in statistical equilibrium. The employed angular momentum 
distributions and excitation energy regions were determined from the experimental 
yrast population and the position of the panicle groups of fig. 3. The level density 
parameter was chosen to be a = 16 MeV"1. The model reproduces the average 
neutron energy forthe In channel satisfactorily. However, for the 2rt and 3n channels 
the model predicts somewhat lower energies than observed. The apparent odd-even 
staggering effect is not accounted for in the present model. 

6. Summary 

The decay properties of several Dy nuclei were studied using the 
l 6 :Dy( 3He, axn) l 6 l""Dy and l 6 3Dy( 3He, axn l ' ^ 'Dy reactions up to an excitation 
energy of about 40 MeV above the ground states of , 6 l Dy and lfc"Dy. 

The y- transit ions observed in the Ge spectra of the even-even Dy nuclei could 
be classified in three groups: (t) yrast transitions, (it) transitions from vibrational 
band states into the ground band and (iii) transitions feeding directly into the ground 
band. It was found that the relative number of transitions via the vibrational states 
to transitions feeding the ground band states directly change significantly with the 
number of emitted neutrons. 

This dependence is also reflected in the Nal y-ray spectra. The heaviest even-even 
nuclei produced directly or by one neutron emission exhibit two y-ray bumps 
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superimposed on a statistical spectrum, with y-ray energies of 1 MeV and 2 MeV. 
The odd-even products feature a 2 MeV bump, only. Fermi-gas model calculations 
indicate that these bumps originate from the lowest excitation energy region where 
the low-lying continuum states feed into the ground band either directly or via 
vibrational states. The bumps lose their strength in the spectra of the lighter reaction 
products. The change in decay pattern can be related to a temperature or spin effect 
which is not completely understood. However, supported by the consistent occur
rence of these structures in several nuclei, we conclude that they are characteristics 
in -y-decay of highly excited low spin states. 

The -y-ray multiplicity spectrum exhibits the decay properties of states above and 
below the neutron threshold. The sudden drop in the multiplicity curve around the 
neutron binding energy demonstrates that neutron emission dominates as soon as 
it is energetically possible. Bumps associated with one and two neutron emissions 
are visible in the multiplicity spectra. Due to the competition between neighbouring 
neutron channels, three and four neutron emissions are not well separated by the 
multiplicity. 

The experimental data allow us to extract neutron energies as a function of the 
excitation energy in the '"'Dyf'He, an} 1 MDy reaction. Here, the average nuclear 
temperature is (O.65±0.15l MeV. Furthermore, we have obtained estimates on the 
average neutron energy as a function "f the number of emitted neutrons. Apart 
from a possible odd-even mass dependence, the results are consistent with statistical 
model calculations. 
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Abstract: The y-decay from sta'-- with low spin and high excitation energy has been studied using the 
, w D y ( T , a l ' " D y and l "Dy(T , r ' ) '* ; Dy reactions. For en citation energies above 4.5 MeV the y-ra> 
Spectra obtained in the two reactions are almost identical, revealing no reaction dependence. 

NUCLEAR REACTIONS '" 'Dyl ' H e , . . ) , '«Djfl ' H e . ' H e ) . 5 = 4 5 MeV; measured y Ipar-
ticlel-Coin. l n ; D y deduced yrast y-transition characteristics. 

1. Introduction 

The y-ray spectra following the (T, ai single-particle direct transfer reaction lo 
highly excited states in the rare earth region '*'') show an overall exponential decrease 
with increasing y-ray energy as expected for statistical decay. Superimposed on the 
statistical spectrum, however, a bump ') at 0.8-1.2 MeV y-ray energy and an even 
broader bump ;) at 2.0-2.5 MeV y-ray energy, have been observed, the latter so far 
only in odd-A nuclei. Also, in Ihe continuum y-ray spectrum following the 
"*Er|Q, 2n) compound reaction a bump4) at 0.3 MeV has been seen. 

The nature of these bumps, which carry a significant fraction of the total y-ray 
strength, is not fully understood. In studies of deep-hole states populated by the 
( T, a) reaction in Pd and Sn nuclei '"""J, the shape of the y-decay spectra has been 
interpreted as a direct measure of the spreading of the hole strength over the 
underlying slates. The larger density of slates at low excitation energy and ihe 
smaller values of the pairing gap parameter make the situation less transparent in 
the rare-earth than in the closed-shell region, however. 

I K C S ^ ' M . ' » 7 SO.l.fO <• Elsevier Science Publisher- B V. 
I North-Holland P h w c s Publishing IJivf M onl 
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An interesting feature pertaining to the nature of the highly excited states are the 
differences observed in the y-ray spectra structures following the direct (r,«) 
reaction and the compound (a,2n) reaction. Such differences indicate that the 
y-decay pattern of even highly excited states, i.e. states around the neutron binding 
energy, depends on the selection of states populated in the panicular nuclear reaction 
employed. 

To investigate the possibility of a reaction dependence for the y-decay pattern, 
"we have compared the y-spectrum for the nucleus l o :Dy following the 
'""'DyU, a} , l v !Dy single-panicle transfer reaction with the y-spectrum following the 
l(,"Dy(7, 7') l 6'Dy inelastic scattering reaction. The inelastic process excites preferen
tially the collective quadrupole and octupole vibrational modes, while the IT, a} 
reaction mainly populates two-quasiparticle states via transfer of single-hole states 
with large particle angular momentum. 

2. Experimental procedure 

The experiments were performed by bombarding targets of l 6 ; Dy and , M Dy, 
isotopically enriched to 96% and 97%, with 45 MeV r-particles from the Scandi-
irontx MC 35 cyclotron at the University of Oslo. Charged particles from the 
reactions were detected in four telescopes all positioned at a scattering angle of 40° 
relative to the beam direction. Each telescope consisted of one 150p.m and one 
3000 jim th' k Si-detector and were placed as close as possible (~4 cm) to the target. 
The telescopes had a total solid angle of 0.26 sr and the measured average energy 
resolution (FWHM1 was 300 keV. The y-rays were measured with two 12 7 cm x 
12.7 cm Nal and two Ge counters. Both singles and coincidence data were recorded 
event by event for software panicle identification and sorting. Details of the 
experimental set-up are given in ref. Y 

3. Experimental results and discussion 

A spectrum of r-particles from the '*JDy(T, 7')'**Dy reaction and a spectrum of 
a-panicles from the '"'Dyir, a)'*'Dy reaction observed in coincidence with y-rays 
following the reactions are shown in fig. 1 as a function of excitation energy in the 
nucleus '"'Dy. The most noticeable difference in the two spectra is the larger 
population of states below 2 MeV of excitation energy in inelastic scattering, illustiat-
ing the enhanced population of vibrational states in that reaction. 

In fig. 2 four samples oT y-ray spectra of l h ;Dy obtained with the Nal detectors 
are displayed for each of the two reactions. The y-rays ar. recorded in coincidence 
with emerging panicles leaving the residual nucleus in one of four specified ranges 
of excitation energies between 3.6 and £.0 MeV. For y-ray energies >0.5 MeV and 
excitation energies >4.5 MeV the spectra from the two reactions are strikingly 
similar, revealing no reaction dependence in the overall y-ray pattern. 
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l 6 2Dyl3He.3HeV"Oy 

10 8 6 4 2 0 
EXCITATION ENERGY [MeV] 

Fig. I. Spectra of" r-particles from the " JDy(r, T'|'"Dy reaction (upper parti and of a-panicles from 
ihc '*JDy(T, o) l o ; Dy reaction (lower pan) for a scattering angle of 40° measured in coincidence with 

yrays detected in a Nai detector. 

E-y [MeV] 

Fig. 2. Spectra of y-favs From the '""'DVIT. r*l"°Dy reaction nhc four upper curvesi and from ihe 
'"'DylT. nl l f t ;Dy reaction (ihc four lower cunes) measured in coincidence with cjectiles from four ranges 

of excitation energy in "~:D\. The spectra were recorded in two I-.7 * I2.">cm: Nal crystals 
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A significant fraction of the y-ray strength is observed as a large bump in the 
spectra of y-ray energies in the range 0.8-1.2 MeV and as a less pronounced bump 
around 2 MeV. For the excitation energy region 3.6-4.5 MeV the y-ray bumps have 
a more conspicuous appearance in the y-spectrum following the (T, a) reaction 
than following inelastic scattering. The differences in the two spectra may be 
connected to the selective population of relatively pure two-quasi-particle structures, 
which are found above 2 MeV, in the single-particle transfer reaction. Moreover, 

. as seen from fig. 3 the corresponding y-ray spectra measured with a Ge detecior 
have a larger number of lines for the (T, T') than for the (T, a) reaction. 

For excitation energies at least up to 8 MeV the fraction of y-rays with energy 
<0.8 MeV is significantly larger in the spectra following the pick-up reaction than 
following the inelastic scattering reaction. A major part of the larger intensity is in 
fact due to yrast transitions. This is illustrated in fig. 4 where the experimental 
intensities of the yrast transitions, normalized to the number of particle-y coinciden
ces, are displayed. The data shown were measured with Ge-detectors in coincidence 
with emerging particles leaving the nucleus '"Dy with 2.4-8.2 MeV of excitation 

y ^ ^ k ^ ^ b 

^ ^ u i h i w Y 4 ^ ^ ^ ' ^ — 

GAMMA-RAY ENERGY 0 
Fig. 3- Spectra of T-rayi recorded in a Ge detector from ihc , 6"Dy(r, 

reaction», in coincidence with eject ikt. leaving the nucleus with 2.4-8 
••) l B-Dy and '" ' 'Dylr, o ) " ' : 

1 MeV of «ci tat ion energi. 
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Fig. 4. Population probabilily Tor yrasi slates in ihc y-decay oT stales in the region 2.4-8.2 MeV of 

excitation energy following the "'Dylr. T')'*:Dy and , wDy(r, o) , w Dy reactions. 

energy. The absolute normalization is somewhat arbitrary since the feeding of the 
0* and 2* yrast states was not measured. However, we still think it safe to conclude 
from fig. 4 that on the average the yrast states are entered with 2 units of angular 
momentum less in the inelastic scattering process than in the pick-up reaction. 

2 3 

E>eV] 
Fig. ?, Same as fig. 2 but for excitation energies of 2.4-K.2 MeV. 
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Prom the intensities of the yrast transitions the average initial spin populated in 
I B "Dv may be estimated. For the excitation energy region of interest, 2.4-8.2 MeV, 
the average number of non-yrast y-transitions has been measured T ) for the 
'"^Ndfr, Q y l J , w N d reaction to be — 2.5. Using that value and assuming thai the 
non-yrast states with spin / decays on the average with equal probabilities to states 
with spins I - I, I and / + J, the intensities of the yrast transitions for given initial 
spin may be calculated. The results for initial average spins of / = 2, 4 and 6 are 
dtawn as solid curves in fig. 4. 

If the decay follows roughly the spin-selection rule described above, the estimated 
average spin prior lo y-radiation is / = 3.5 ft and I =5.5 h for the (T, T') and (r, a) 
reactions respectively. This is consistent with the assumption that the inelastic 
scattering process favours population of low-spin vibrational states and that the 
(r,a) reaction preferentially picks up h„,:, h u n and i l j n neutrons leaving the 
residual nucleus with almost maximum alignment of the target and transferred spin. 
Although a small contribution to the spin is expected from multiple excitations, Ihe 
values of the initial spin observed for the two reactions clearly reflect the differences 
in the reaction mechanisms. Still the overall shapes of the y-ray spectra are almost 
equal for the two reactions, as is shown in the Nal spectra or fig. 5. 

4. Structures in the y-ray spectra 

The broad structures in the y-ray spectra are more clearly seen in the unfolded "1 
Nai spectio displayed in fig. 6 than in the corresponding folded spectra of fig. 5. 
The spectra have been recorded for excitation energies of 2.4-8.2 MeV and in the 
unfolded spectra of fig. 6 the y-rays with energies <0.6 MeV have been excluded 
leaving out the yrast transitions. The dotted curves in the figure show the y-ray 
pattern expected from a Fermi gas model description of the nucleus. They have 
been calculated using Monte Carlo simulations according to the procedure of ref. v ) 
and are somewhat arbitrarily scaled to represent the transitions not contained in 
the bumps. Obviously, the structures exhibited are not predicted in the Fermi gas 
model calculation. 

To compare the y-ray bumps for the two reactions, the Fermi gas distributions, 
with the chosen scaling, have been subtracted as "background spectra", and the 
position, width and strength of the bumps have been evaluated. The results are 
listed in table 1. Again a comparison of the numbers deduced underlines the 
similarities in the y-ray spectra of the (T, T') and (T, Q | reactions. 

We 'Otice the I MeV bump observed in '""Dy actually consists of two distinct 
components. The lower one is located at 0.9 MeV y-ray energy and carries about 
twice the strength found in the other component at i .2 MeV. With the present 
statistics, no fine structure of the 2 MeV bump is observed. 

For a further comparison, we have divided the y-ray spectra into three pans , the 
yrast transitions, the continuum transitions and the transitions associated with the 
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Fig. •. Unfolded y-ray spectra from i t spectra of fig. 5. The dolled c 
gas model calculation. 

s are the results of a Fermi 

TABU. I 
Comparison of bumps in [he y-ray spectra 

Mean y-energv V. dih of bump 
IMcV) iMcV i 

0,86(3) 0.3] [81 
0,85(31 0.32181 

0.31 [XI 
l , l 8 i :> 0.32181 

2.5(31 1.6 121 

i Relative to the total intensity of m 

bump structures, and extracted the contribution from each pan to the y-ray multi
plicity. For the yrast transitions the data of fig. 4, which are taken from the Gc 
spectra, were employed, while the Nal spectra were used for the other groups. The 
results are displayed in fig. 7 as the average number of y-rays per cascade for each 
part of the spectra. The difference in yrast transition multiplicity is ascribed to the 
higher initial spin of the (r, a) reaction as discussed above. About one y-ray per 
event constitutes the continuum pan of the spectra and a total multiplicity of ~ 1.5 
i? found for the bumps in both reactions. For the (r, a) reaction the contribution 
from the 1 MeV bump is larger than in the (r, r) reaction by more than twice the 
combined standard deviations. The larger contribution is consistent with a picture 

38 



40-) / Rtkxiad ei al.: y-deiay <>/' '"'Dy 

Fig. 7. Average number of y-rays contributing lo ihc yrast transitions, the bump structures and the 
continuum transitions following the ' " D y t r, r V ' D y and " , , Dy(T. o ) ' * : D y rcaciioni. 

of a two y-ray decay from the lowest two-quasiparticle regime because ol" the large 
K-hindrance factors encountered. Further investigations are needed to decide 
whether this difference is due to differences in the initial spin only, or if a reaction 
dependent effect is observed. 

5. Summary and conclusions 

The general structure of the y-decay spectra for '*2Dy have been studied for 
excitation energies up to 8.0 MeV for the reactions l wDy(7, ay) , 6 2Dy and 
,b2Dyir, r'y)l<,2Dy. The average entry spin quantum number has been shown to be 
—5.5 and ~3.5 for the two reactions in agreement with the assumption thai the 
specific excitation mechanism for each reaction persists at least up to the one neutron 
binding energy. However, for excitation energies >4.8 MeV the y-decay pattern is 
found to be virtually independent of the formation process. The nucleus acts as a 
fully thermalized source of y-radiation with sufficiently large level density that a 
statistical description should be applicable. 

On the other hand, the y-decay spectra are not as expected from a statistical 
Fermi gas model for the nucleus. A considerable fraction of the y-ray intensity is 
observed in the broad bumps found at 1 MeV and 2 MeV in the y-ray spectra. A 
full understanding of rhese bumps has so far not been obtained, but we may conclude 
thai the shape of the y-spectrum is a characteristic for the decay of highly excited, 
low-spin states in the rare earth nuclei. 
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Abstract: States in l 6 1 Dy have been populated using the inclasiic i r, T') reaction. Strong particle-groups 
in the 0.9 McV cxciialion region are interpreted to arise front a coupling of an odd panicle in the 
|M2) ; Nilsson orbital t a u y- vibration of the even core. The !" and ! ' members of [he iinlialigncd 
particle-vibration sequence are found to interact with stales from the N = 4 and N = 6 oscillator 
shell, i hus modifying previous conclusions on ihe A/V = 2 coupling. The particle- v ib ration states 
are discussed within a particlc-corc model. 

I NUCLEAR REACTIONS " "Dy l 'He . 'He'). E = ?2McV; measured e l f ) , E,, l„ 'Hey-
£ I com. " "Dy deduced levels, J. IT. Particle-core model calculations.. GeSi counters, enriched 

target. 

1. Introduction 

The •' ground stale of l t l 1 Dy is known ' 1 to be well described by the deformaiion-
aiigned strong coupling model, in terms of an intrinsic [642].' Nilsson orbital which 
originates from the spherical i,,- ; high-spin orbital. The even-even neighbouring 
nuclei ""'-'"Dy have well known low-lying slates referred to as y-bands. This study 
reports on states in ""'Dy which we suggest arise from the same collective behaviour. 

In recent years a main focus has been on odd-A transitional nuclei, partly to 
explore effects of the particle-core coupling including Pauli blocking, and panly to 
shed light on the collectivity and symmetry of the neighbouring even-even core 
nuclei. Various experimental tools have been employed^ including particle transfer 
reactions *). For the most prominent level sequences, those dominated by parentage 
on the lowest yrast states of the core nuclei, energy spectra and spectroscopic 
amplitudes are Jess sensitive to the underlying core-model assumptions than hoped 
for. States with leading parentage based on more complicated core states have been 
hard to explore; in transfer reactions they involve multi-step processes with small 
relative cross sections. Thus, the y-vibration based slates reported in this study are 
of more general interest as a basis for studying currenl particle-core coupling models 
in the limit or a well deformed average field. The y-vibrations in the core nuclei 
also seem to have substantial anharmonicity '). 

i).nf.9474-ji7'S0,V5i) r fcKe\ier Science Puhlkhef". 11.V 
I North-Holland Ph>Mts Publishing Dmsimi l 
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ln the present work we have measured scattered T particles from ' " ' D V I T , T') 
inelastic scattering in coincidence with y-rays. Information from the observed 
y-decay branches was combined with available data from other reaction processes 
for assignments of spins and parities. 

2. Experimental method and results 

The experiment was carried out using a 32 MeV 7--beam from the Scanditronix 
MC 35 cyclotron at the University of Oslo. The target was a self-supporting metallic 
dysprosium foil of thickness 2 m g / c m ; enriched to 92% in , f , l D y . 

Charged ejeciiles from the reactions were detected and identified in four particle 
telescopes positioned at 40° with respect to the beam direction. Each of the telescopes 
consisted of a front and an end Si counter with thicknesses of 150 u,m and 3000 u,m, 
respectively. The telescopes were placed as close to the target as possible ( = 4 c m ) , 
giving a total solid angle of 250 msr. The resulting particle energy resolution 
(FWHM) was 300 keV. 

The 'coincident y-radiation was measured with four Ge counters, each with an 
energy resolution of 2.2 keV and with an efficiency of 20%. The events were stored 
on magnetic tapes and analysed off-line. Background due to random coincidences 
was subtracted in the sorting procedure. More details on the experimental set-up 
are given elsewhere 4 ) . 

In fig. 1 we show the spectrum of inelastically scattered r-particles recorded in 
coincidence with y-rays detected in the Ge detectors. The spectrum is characterized 
b> a strong peak with an exritation energy of 0.9 MeV. We associate this structure 

E„ (MeVJ 
)if. I. T ju-p j r i iJc» measured ,11 caincidence wilh v-r \m 
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with the presence or quadrupole and octupole vibrational modes and it will he 
referred to as the vibration-peak. 

The origin of the small peak around £, = 2.5 MeV is uncertain. It could he due 
to a more composite collective excitation or to the high level density at the beginning 
of the three quasiparticle regime. The drop in yield around £, = 6.6 MeV results 
from the evaporation of a neutron, which is the dominating process above the 
neutron binding energy of Bn = 6.45 MeV. The l 0 UDy isotope is then populated with 
low excitation energy decaying with a correspondingly low y-ray multiplicity. We 
also recognize a general decrease in the yield as a function of excitation energy. 
Taking into account the y-ray multiplicity dependence of the spectrum, this reduction 
is even more pronounced in the single-panicle cross section. 

The present work is concerned with the structure and decay properties of the 
pronounced vibration-peak. It consists of several particle groups. This becomes 
evident by studying the y-ray Ge spectra obtained with gates on various parts of 
the vibration-peak. In fig. 2 it is shown that different groups of -y-lines are connected 
to different parts of the peak. For the determination of the excitation energies gates 
have been put on the y-lines (with proper background subtraction) and centroids 
of Che resulting r-peaks have been evaluated. The corresponding excitation energies 
are listed in table 1 together with the y-ray energies and intensities. 

Fig. 3a shows a Wow-up plot of the vibration-peak of fig. 1. Part {b) presents a 
spectrum constructed from table 1 as follows: For each excitation energy £, the 
total y-ray intensity found £ Iy, is plotted. The spectrum is tentative since weak 
y-lines which have not been accounted for could add up to a significant particle peak. 

To assign spins and parities a comparison was made with information from the 
complementary studies (d, d') [ref. *)], (d, t), (d, p) and (n, y) [refs."'")]. A spectrum 
(0 = 90°) from the 12 MeV deuteron inelastic scattering on '"'Dy, studied with a 
high resolution magnetic spectrograph5), is shown in fig. 3d. There is a striking 
resemblance between this spectrum and the one of part (b) of the present work, 
This is consistent with the results of DWBA calculations using the DWUCK code"). 
It is found that the ratio of the cross sections in (7; 7-') at 40° and 32 MeV and (d, d') 
at 90° and 12 MeV are 5.7 and 5.5 for angular momentum transfer A =2 and 3, 
respectively. The y-vibration falls a few hundred kcV below the octupole vibration 
in the core nuclei. We have correspondingly assumed the stales discussed below to 
arise from the quadrupole vibration. 

A comparison between part (b) and (dl of fig. 3 resulted in the identification of 
10 levels. They arc plotted in part {c) with accurate excitation energies deduced 
from the y-ray Ge spectra. A partial decay scheme is presented in fig. 4. 

In the strong coupling model the y-vibration adds an angular momentum Kr = 2 
either aligned or antialigned with the panicle projection K„= l along the symmetry 
axis. This gives rise to two excited band structures l 0 ) , the aligned with band 
headK,. = /Cp+ Ky=t and the antialigned with K,: = AC,,- Ky = •.. The spins of the 
sequences go as / = \K\, \Ki+ I, \K\ + 2 
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T 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 700 800 900 KJOO 1100 1100 1200 

GAMMA-RAY ENERGY [kcV] 

Fig. 2. Gamma-ra> Ge spccira in coincidence with r-panicles leading ID level 
e* dial inn energies arc indicated. 

"'Dy. The regions oF 

For a harmonic y-vibration the band-head energies are given relative to the yrast 
band-heads {;,,',) by 

rø- f £ K , + 2(2K 0 +lMl 
IEK-, -2(2/t 0 + l M j ' 

where A = hz/2J is an appropriate inenial parameter and £ v the excitation energy 
or 2, in the core system. The energy difference between the band heads is con
sequently AE{v.l) = 4{2K„+ I) A. For an estimate we choose A = 14 keV, based on 
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T A B L E t 

Gamma-ray transitions from £ . = 0.4- 1.2 McV 

£ y ( k c V ) V E, (MeVl £ T ( keV) /,'! E,(MeVi 

417.9(2) 8(2) 0.47 19) 686.9 (1) 58161 0.70 (4) 
475.5(2) 13(2) 0.48(8) 699.6 (1) 75(10) 0.72(3) 
517.7(3) 27(6) 0.70(6) 730.6 (3) 29(6) 0.74(5) 
532.9 (3) 17(4) 0.64(8) 756.6 (1} 100(10) 0.80(3) 
550,6(2) 25(4) 0.48 (5) 772.0(1) 79(8) 0.74(3) 
566.3 (1) 54(10) 0.68(4) 781.0(3) 33(6) 0.89(51 
587.8121 31161 0.76(5) 798.6(1) 104(15) 0.89 (3) 
599.1 (21 31(6) 0.72(51 800.4(5) 100(15) 0.81 (4) 
607.512) 73(8} 0.69 (41 855.2(1) 154 1111 0.90(3) 
624.6(1) 44(8) 0.69(5) 899.0(11 79(81 0.89(3) 
656.4(2) 40(6) 0.68 (5) 981.7(2) 42(6) 1.03(5) 
669.1(2} 79(10) 0.79(3) 1005.8 (2) 29(4) 1.05(6) 
679.4(9) 12(4) 0.62(7) 1026.3 (3) 21(4) 1.03(6) 

1045.3(5) 8(3) 1.18(81 

') Normalized to 100 for the 756.6 kcV y-linc. 

an average between the 2* energies of I 6 0 J W D y , respectively 87 keV and 81 keV. 
This gives an energy splitting 4F( I t ; i ) = 336keV. For EKy we take the average 
between the observed 2* energies of l 6 0 , , "Dy, respectively 966 keV and 888 keV, 
giving £ K , =927keV. 

The state which we assign as the /"=?* band head of the aligned structure 
corresponds to the intense particle group located at £, = 899 keV, i.e. somewhat 
below the simple model estimate of E*v = 1095 keV. 

The state is neither observed in the (d, t) nor in the (d, p) reactions *) indicating 
negligible interaction with other single panicle orbitals. Furthermore, the stale has 
a significant y-decay branch to the high spin V member of the ground band. Thus 
we conclude that it is the /, K" =\,Y aligned state. 

Our simple model estimate predicts likewise the anti-aligned ba.it. head / " = \' 
to be at E% =759keV, i.e. a band head splitting of 336 keV. The experimental 
candidates for the / = \ and -2 members of the Ku=k antialigned intrinsic structure 
are fragmented by neighbouring single-panicle states. The I* (607.5 keV) and 
i (772.0 keV) states have been previously assigned according to / = 0 angular distri
butions observed in (d, t) reactions 5 J , 1. These states are interpreted as a mixture of 
the [400]1 and the [660]I orbitals. However, their inelastic scattering cross-sections 
indicate that they interact also with the /, K" = !, I antialigned state. This third l 
state gives probably rise to the 699.6keV level having y-decay and (d.d') angular 
distribution similar to the '-'{607.5 keV) level5). 

The two lowest T states of fig. 4 are known from (d, 0 reactions to be based on 
the [402]'" and [651]'' orbitals*•*). Their weak (d.d'l cross sectionsJ) indicate weak 
interactions with the /, /£" = } , ; ' state. We suggest thai this slate corresponds lo 
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the strong inelastic particle group at Ey = 800.5 keV. The observed y-decay branches 
are consistent with this interpretation. 

The last strong particle group not assigned is located at 730.7 keV. It decays to 
?*, ]', ; , ; and I states. Assuming positive parity, we are left with an / = ; 
assignment. This suggested /, K" = ; , \ state is not found to interact with other states. 
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The /, /£" = ], \ and >,; band members could not be identified from our data. 
This has theoretical support within the strong coupling model which predicts ") 
that the relative strength distribution for direct quadrupole excitation from the 
ground state to the members of an excited band is governed by the square of the 
Clebsch-Gordan coefficient 

(/„ = K0K0Å = 22J IK) = {Il 2 - 2| /I). (2) 

This gives intensities of 0.33, 0.38, 0.21, 0.06 and 0.01 for spin / = ! . ' . * , ; and j , 
respectively. It is satisfactory to notice that the cross sections observed at 90° in the 
(d, d") reaction *) for the assigned -;, I and | levels are 82,96 and 41 u.b/sr, consistent 
with the rule above. Thus, our assignments have been guided by the strong coupling 
model. Deviations from this simple picture were, however, found to be present, 
such as the experimental value E*, being less than Eh instead of somewhat larger. 
This problem is further discussed in sect. 4. 

3. Mixing with other slates: The AN = 2 coupling 

For making comparison with theoretical results the unperturbed energy positions 
of the /" = i and 'I members of the K " = i antialigned band need to be unfolded 
from their mixture with the deformed orbitals alluded to above. Transfer data 
indicates that these arbirals call fora substantial J N = 2 coupling, i.e. main oscillator 
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quantum number mixing. The leading order d/V =2 mixing induces for / " = t a 
linear combination of the [400]?' and [660]^' Nilsson orbits while the orbitals 
[402]i' and [651 ]a* are mixed for I" =;!*. 

Previously, an explicit coupling matrix has been constructed based on the N =4 
and N = 6 Nilsson orbits only, so as to give admixed states with acceptable energy 
positions as well as mixing coefficients leading to spectroscopic factors in reasonable 
agreement with transfer dala 4 , B ) . This procedure is in the following extended to a 
three-staie mixture by including the anlialigned band of vibrational nature found 
in the present work. 

The full hamiltonian was chosen to have the form 
e° 0 0 \ /0 I 
0 e" 0 \ + vl I 0 p 
0 0 £"j) \p p rj 

assuming a simple interaction matrix. The unperturbed energies el',j= 1,2,3 corre
spond to a sequence of states {4O0]l't [600];* and ly\,i') for 1" = !' and [402]*', 
[651]* and [y\, \ ) for / =i , The eigenvalue problem reads 

/ / • * , =r ,* , , (4) 
with normalized solutions * , = {Cj) represented in the unperturbed basis. 

Previous two-state AN = 2 analysis gave a coupling strength i> = 60keV. In the 
present case the method of trial and error resulted in a coupling matrix with 
i1 = 65 keV, vp = 30 keV, which simultaneously gave a satisfactory fit to the observed 
energies and spectroscopic data. The energy results are listed in table 2 together 
with the mixing coefficients. 

From the mixing coefficients CJ, spectroscopic amplitudes for the final stales 
i '=l, 2 and 3 are derived in standard way. In figs. 5 and 6 we show that the 
experimental data are surprisingly well described by our perturbed wave functions. 
The calculations indicate lhat the vibrational component in the / " = ; states (see 

T A B L E 2 

Results for three stale coupling calculation 

[400[! ' 675 I 612 0.72 0.5.1 - 0 45 
[660l|" 6KU 2 779 -0.69 0.54 -0.48 

I Ku - K,) 730 J 693 -0.Q1 O.b! 0.76 

[4021]' 600 I 56! 0.87 0.43 0.26 
|65l).-" 670 2 688 -0.50 0.79 0.36 

\K„ r l 770 3 791 -0.05 -0.45 O.K0 
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m pa risen between the - IN = 2 coupling results and the Id .d ' l cross sections ' ) (normalized tu 
: theoretical bars in the two upper pans represent the vibrational K„- A', components in the 

wave functions. 

fig. 5] is heavily fragmented. For the V states the unperturbed vibrational siaie is 
more isolated in energy and its character is retained in the mixing procedure. The 
[d, t) strength displayed in fig. 6 confirms that the I" = \ states are strongly mixed. 
In particular, the calculation reveals a destructive interference which cancels the 
N = 4 componenl in the K„- Ky stales, consistent with a vanishing (d,t) cross 
section "I at £, = 699.5 keV. 

The introduction of a third interacting state in the AN = 2 coupling modifies 
previous estimates. In the two-state mixing calculation of Grotdal el ol. h) the energy 
spacing { J F ) of the unperturbed N = 4 and 6 stales was estimated to be 2.5 keV (j ) 
and 86keV(\'). The corresponding values in the three-state mixing calculations are 
5kcV[!"l and 70 keV {;''). Furthermore, the old approach") gave JN = 2 main.* 
elements U>) or83keV(l') and 47 keV(;"l. 

The f660]i' Nilsson orbital plays a crucial role for the rotational states in the 
rare earth nuclei. The Coriolis coupling to this orbital is responsible for the alignment 
of the angular momentum along the rotational axis. In table 2 we find that the 
[660]!' orbital is fragmented over three states. The 772.0 keV levd, which we assign 
to the [660]}' orbital Isee fig. 4), contains approximately equal componenls of the 
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unn\ i. The theoretical bar? in the two upper parts represent the N = J components in the wave functions. 

[400]! arid ( A.',, - Kv )i structures. This admixture of low-./ components will reduce 
the alignmeni effect at low spin. Fragmentation of the similar type could explain 
the necessity IO attenuate the Coriolis interaction in the particle-rotor model descrip
tion for several rotational bands in this region. However, we do not believe that 
such a mechanism is the full explanation of the so-called Coriolis attenuation 
problem. 

In tig. 7 we exhibit the observed panicle-vibration states (left pan) together with 
the results (middle part J obtained assuming that the interaction to the N - 4 and 6 
slates has been removed. The excitation energies of the ? and V states remain 
unchanged. The deduced unperturbed vibrational states have a band-head separation 
of 169 keV, i.e. substanlially smaller than the sirong-coupling harmonic vibration 
estimate given above. 

4. A nuclear model discussion 

Our discussion has so far referred to a strong coupling rotation-vibration 
theon. "'). formulated in an intrinsic frame. A harmonic treaimentof the y-vibration 
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Pig. 7. Experimental level scheme for the excited K,,* fc', slates in l n l D y (left) compared with Ih( 
average excitation energy of the K " = 2* y-vibrations I Mates in '*"[Jy and 1 D "Dy (right). In ihc middle 
pan is shown the unperturbed energies of the vibrational states when their interaction «i<h ihc .V - -i 

and 6 s ia ic have been removed (table 21. 

turned out to have substantial shortcomings when faced with our data. Thus one 
has to go beyond this approximation. Furthermore, calculations 1) of the core nuclei 
within the dynamic deformation theory i : )gave r.m.s. values (y~)"~ of the y-vibration 
of 17° and 13° respectively for " , u j n : D y . A situation is suggested similar to the one 
encountered in "*Er with substantial anharmonicities, analysed in detail in refs. ' K i i ) . 

We leave a further detailed exploration along these lines to a future study. Here 
we limit our discussion to a few preliminary calculations within an alternative 
theoretical framework, formulated in the laboratory frame; the quasi particle-core 
coupling model of Donau and Frauendorf. For a detailed description of this 
approach we refer to refs. , s * 1 " ) . This formulation allow for a variety of core 
possibilities, ranging from vibrations around a spherical shape to permanent defor
mations. The present data provides an interesting possibility to test this approach 
in a well deformed region. 

[n the present calculation a single-panicle valence space {a = nJJ,,} consisting 
of the orbttals {l i i . i : . -g« ;} was employed with a level separation of 5.4 MeV. An 
initial calculation was carried out in order to reproduce the ground slate band in 
" "Dy. The core space included the 11 first yrast stales R" =0',2' 20', the 
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same for the lower and upper core and with average experimental energies taken 
from l , , u , 1 "Dy. These arc found in table 3. The coupling matrix elements between 
the core states were taken from (he rigid rotor model. An attenuation factor 
{ U{ l) V(2)+ t/(2) V(l))'\ U( V) being standard orbital occupation amplitudes, with 
a=9 
was required to obtain a reasonable reproduction of the experimental 
"[642]*'": j \ r . - - - ground state sequence. The pairing gap was taken from the 
experimental odd-even mass difference to be A = 872 keV and the Fermi level was 
chosen as A = -2.1 MeV below the liu/j level (set at 0 MeV). The results are 
contained in table 4. Next, a similar calculation was carried out for a particle coupled 
to the y-band of the core with in-band coupling matrix elements only, also taken 

T A B L E 3 

c ene rg i» Tar I he calculation in ihe quasiparticlc-core coupling mode/ 

Core energy (keV) 
g-band") 

Carr energy tkeV) 
?-band h ) 

1408 
1937 
2634 
3412 
4290 
5268 

1006 
1109 
1235 

I f / - H I . 
" I The 

/ { / + ! ) . 

xcitation energies Trom / " = 14 ' arc es I ima led by the rotation model assumption 

xcitalion energies from / " = T are estimated by Ihe total ion model assumption 

TABLE* 4 

Experimental and calculated -mcrgies in " "Dy 
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Trom the rigid rotor model. Again the experimental core states are given in table 3 
and the calculated states for l M Dy are found in table 4. 

Compared to the simple harmonic y-vibration analysis in sect. 2 our present result 
is a clear improvement. The energy separation between the K,. = ; and K t l = \ band 
heads which from our experiments is estimated to 169 keV is well reproduced. 
However, the spin sequence is not fully reproduced. 

In conclusion, our theoretical model analysis supports the interpretation of the 
"new stales as y-vibrations above the ground state of ""Dy. 

5. Conclusion 

States interpreted as y-vibrations built on the [642]** ground state in ""Dy have 
been populated in the inelastic (T, T') reaction. The vibration-coupled stales are 
classified according to their angular momentum projections on the nuclear symmetry 
axis: (i) the aligned structure with X" =i and (ii) the antialigned structure with 

The / = I 3"d i spin members of the Kw = V band-head are found to be heavily 
mixed with other single-particle orbitals from the A/ = 4 and 6 oscillator shells. The 
interaction matrix element (30keV) to these states is deduced from a simple three 
state mixing calculation. 

The unperturbed energy position of the K ~\ structure shows» bunching around 
the l,K" = \,\ band-head. The extracted energy gap of 169 keV between the band 
heads of the aligned and antialigned states is nicely reproduced by our calculations 
within the quasiparticle-core coupling model of Donau and Frauendorf. The spin 
sequence is however not reproduced in a satisfactory way. Comprehensive calcula
tions with matrix elements from current more realistic core models are in progress. 
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rare earth region. The nuclei were excited in light panicle 
induced one nucleon transfer reactions and inelastic scaticr-

The Mruciure and deca* proper lies of lc\cb bclwcen I and 40McV of 
ewiimiMi energi m rare earth nuclei haie been studied In particular. m ? ' Further details and additional results ma> be found 
coupling phenomena and signatures of non-siiiusiical cooling arc discussed. the literature referred to in the text. 

1. Introduction 

In the lowest excitation region of nuclei many of the energy 
levels correspond to almost pure configurations in either o f 
two classification schemes: The nuclear shell model and the 
collective model. In the shell model a few valence nucleons in 
an average field account for the level properties, in the collec
tive model a correlated motion of several nucleons creates 
vibrations and rotations of the nucleus as a whole. Most of 
the nucleons act as spectators in both models and are treated 
as fermion pairs in a superfluid phase. 

At higher excitation energies the number of possible con
figurations per energy interval increases exponentially, more 
degrees of freedom open up and the simpler models become 
inadequate for an over-all description of the nuclear levels. 
Still coherence phenomena exist as revealed by the various 
giant resonances found above = 10 McV of excitation energy. 

With increasing intrinsic energy, or temperature, the pair 
correlations mu> break up and a Fermi gas type of regime is 
created. One ma> speculate on the possibility of other phase 
transitions, e.g., transitions into chaotic nucleonic motion, 
but so far such transitions have not been supported by experi
mental evidence 

A major problem is to find unambiguous, measurable 
signatures for correlations and phase transitions in nuclei. 
Such properties of nuclear matter should manifest them
selves, however, in deviations of the y-decay pattern for 
heated nuclei from the statistical decay pattern. One such 
signature could be enhanced transition rates for certain ener
gies corresponding to correlation "stiffnesses" in the nucleus, 
another might be changes in the '/-multiplicity because of 
preference for or hindrance nf certain decay routes between 
correlated states m the nucleus. A theoretical investigation 
along these lines has already been made in the work | l ] of 
Ciularcse and Paoli. 

In the following sections we present results from the ;•-
decav pattern studies performed by the Bergen Oslo collabor
ation at the Oslo cyclotron The studies cover deca> following 
excitation up to 40MeY, about the largest attainable exci-
lulion energy ai the cyclotron, of several nuclei mainly in the 

2. Description of the experiments 

The experimental procedures have been designed to study 
y-radiation as a function of excication energy. The main 
object of the measurements is to supply information about 
gross structures in the nucleus above the yrast line with 
emphasize on intrinsic structures connected to one-panicle 
excitations. The single nucleon transfer reactions (T. X). (d. p). 
(d, t) and (p, d) on nuclei in the rare earth region have been 
extensively studied. Some work has also been performed 
using the (d. d') and ( t . I 'J inelastic scattering reactions which 
give supplementary information. 

All these reactions populate selected states in a narrow 
spin window and allow an accurate determination of the 
excitation energy by measuring the energy of the ejectiJe. The 
combination of a limited spin range and a well determined 
entry excitation energy is an essential feature of the methods 
employed in the investigations. 

A typical experimental set-up is sketched in Fig. 1. Inside 
the vacuum chamber four AE- E telescopes are positioned ai 
the same forward reaction angle for recording of the ejectilc. 
The telescopes consist of two Si-detectors of thicknesses 
150/im and 3000/im. respectively, and cover a total solid 
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E , - 2 1 - 2 $ MeV 

8 ? 

.L'J::*IW4K W«k 
Fig. J Triton spectra from the " "D> id . n""'D> and , M D > ( d . i l ' " 'D> reje-
nons The high-resoluimn speclra are uLcn i'nwn Reft [3. 4) The ipecira 
obtained m the present work »nh £"., = 15 MeV and f = JO" ure marled 

angle of 0.25 sr. The -/-rays are measured witn an arrav of up 
to seven 5" x 5" Nal counters, up lo four Oe detectors and 
an anticompion total energy spectrometer. The outgoing 
charged particles and subsequent /-radiation are then 
measured in coincidence. The targets are metallic foils of 
2mg cm" thickness and measuring time is up to a few. weeks 
per reaction. 

3. Characteristics of y-decay patterns from configuration 
mixed states 

In the discrete spectroscopy region up to a few McV above 
the yrast line, the decay pattern of well-specified configur
ation mixed stales may be studied in a number of cases. Such 
decay patterns are or considerable interest in themselves and 
for the interpretation of the decay from the continuum region 
where the parent states are usually not so well known. In this 

1 J Gammu-rj;. N J I speclr 
•cira are shown unfolded 

E v [Me« ] 

nl"<* D\ and ' - 'D>. In the lower run 

section we shall report on some studies made in the discrete 
spectroscopy region. 

Such a case is observed [2] in the (d, t) pick-up reactions 
populating states in "*Dy and l 6 :Dy. The singles triton speclra 
are shown as inserts in Fig. 2 for a bombarding energy of 
15 MeV and a scattering angle of 50". Also in this figure are 
shown high-resolution spectra measured [3, 4] in a magnetic 
spectrograph. The two target nuclei I M Dy and l 6 :Dy both 
have ground state spin 5,7 but positive and negative parities. 
Essentially the same spin transfers should be observed in the 
two cases leading lo two quasiparticle stales with identical 
spins and opposite parities and the same population patterns 
for the rotational bands. From the high-resolution speclra in 
Fig. 2 this is certainly borne oui in the experiments. 

By combining the high-resolution dala with our coincident 
•/-spectra from the Ge detectors, the decay scheme in Fig. .1 
has been constructed. The strongly populated S = 4 bands 
with band heads at 1.779MeV in "°Dy and 1.536MeV in 
I M Dy show remarkable differences in their decay paiterns. In 
"•'Dy ihe y-decay goes lo the A' = 2 gamma vibrational band 
with roughly 50% branching lo / and / - 2 states. The 

f-'iv I P.inul dei.n v.henn> lor "• I>> .mi! ' I 
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absence of direct dean lo the ground band is in perfect 
agreement with expeditions considering ihe iV-fbrbiddenens 

In '""D). however, the 5 member of the A" = 4 band 
decays directly to ihc 4 * and 6* members of ihe ground band 
\ia El transitions. These iransilions would be three limes 
A'-forbidden if the hands had pure A'-values. It is evident from 
our data lhai the A' = 4 band is mixed, most probably with 
the octupole vibrations. Comparing with the expected branch
ing ratios [2] the coupling must be to the K = 0 or A' = I 
hand and be of ihe order of 2%. Alio the spectroscopic 
factors indicate that ihe admixtures cannot he very large. 
Even small couplings can therefore alter the decay pattern. 

Another interesting coupling phenomenon is displayed in 
Fig. 4 in ihe Nal spectra which have been measured in 
coincidence wilh emerging tritons from the 2.1-2.6 MeV exci
tation region. The bujk or the stales populated in this region 
have negative parity in " : Dy and ihe decay goes mainly via 
the vibrational slates located around 1 MeV of excitation 
energy. Due to the parity change this direct radiation is of the 
El type. 

In ""Dy the direel decay to ihe ground band is dominat
ing. Since ihe slates have positive parity, the radiation is of 
M1 type. We assume that the AA' = 2 coupling provides the 
necessary strong AH = I matrix elements connecting the 
stales in the 2.1 -2.6 MeV region with ihe ground band. Such 
enhanced Ml-transitions have been discussed [5] by Chen 
and Leander and are expected lo play an important role in ihe 
decay of highly excited stales. The extracted configuration 
mixings are of the order of 10%. 

The examples above show thai the -/-decay pattern is 
a sensitive indicator of even small components of certain 
configurations in the wave function. 

A similar decay patlern sludy has been carried out (6] for 
the intermediate odd nucleus l(" Dy. The spectrum of inelas-
tically scattered 32 MeV T particles observed in coincidence 
with y-rays is shown in Fig. 5. The very intense peak around 
0.9 MeV is due lo the excitation of the one phonon gamma 
vibration coupled to the 5.2* ground stale configuration. 

The deduced decay scheme [6] has only one 9/2* stale 
which corresponds lo the aligned coupling of the ground stale 
and Ihe gamma vibration giving K = 9/2. Furthermore the 
data reveal the 1/2*. 3/2* and 5/2 * members of the antialigned 
K = 1/2 structure. 

In a high resolution (d. d') study [7] of "'Dy it is shown 
thai the collective strength is distributed over several states 
inside the 0.9 MeV peak in the (r. t') spectrum. To explain this 
spread of strength we have coupled the I .'2" vibrational stale 

r v *"""*"' r v -""'-"-" 
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to the I 2[4O0]andl 2[660J Nilsson orhitals. Likewise, we hau* 
coupled the 3 2" memher of the vibrational band to the 
3''2[402) and 3 2[651] orbitals. We have used a coupling 
strength of 30keV between the Nilsson and the vibrational 
slates and a A,V = 2 matrix element of 65keV. The latter 
value was chosen 25% lower than in a previous [7] calculation 
to obtain belter fits to the experimental data. Figure 6 shows 
the good agreement between the coupling calculation and the 
measured (d, d ) strength for ihe 1/2* and 3 2" slates. 

The resull of the mixing of single-particle and vibrational 
motion is a spread in y-ray energies in odd nuclei compared 
lo the even ones. 

4. Gross structures in the N a l spectra 

This section deals with characteristic bumps appearing in ihc 
•/-ray spectra Tor decay of the excitation energy region extend
ing from a few MeV above the yrasi line up to the threshold 
for particle emission. In this excitation region the level den
sity is so high that as a first approximation the y-ray specira 
are expected to exhibit a pure statistical shape given by 

/V.(£.) x J Erg[£t - E,)6£,. 

The level density Q is taken from the Fermi gas model and the 
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value M = 5 is used [8] for the exponent corresponding to 
/ = 2 transitions. 

Such -/-spectra have been found [9] in compound reactions 
leading to the '"-"Dy and l 0 1 Dy nuclei. An exponentially 
decreasing yield above I MeV of y-ray energy is observed. 
Below [his energy the yrast transitions and a bump corre
sponding to collective E2 transitions are found in addition to 
the statistical yield in the '/-spectrum. 

In Fig. 7 the /-ray spectra following the , K Dy(T. i ) l ( l l D y 
and the '" 'Dylr. xl'^'Dy pick-up reactions [10] are shown. The 
two spectra are typical for even-even and odd nuclei in the 
rare earth region. A bump is seen around I MeV in the 
•/-spectrum for the even nucleus, but is not observed in the 
odd case. Both /-spectra reveal, however, a broad bump 
extending Trom 2 to 3 MeV superimposed on the exponential 
fall-off seen in the spectrum. 

In Fig. K unfolded Nal spectra following the | 7 'Yb(T. ») , 7 UYb 
reaction [11] arc shown asa function of excitation energy. It 
is clear that the I MeV component is present in the decay 
from all excitation energy regions between 2 and 8 McV. Wc 
find thai more than 85% of the -/-decay routes from levels 
populated with excitation energies above 2 McV contribute 
to the 1 McV bump and thai a considerable fraction of the 
bump originates in the transitions connecting the gamma and 
octupoie vibrational states with the ground band. 

A detailed study (12] of the broad bump wilh y-energies 
around 2.5 MeV has been performed for '* 'Dy. In Fig. 9 is 
shown y-ray spectra following the I M D y ( t , a ) , M D y reaction 
for excitation energy regions between 2.5 and 6.5 MeV. An 
inspection of the spectra shows that y-transitions with E * 
2.5 MeV appear in the decay paths from all excitation ener
gies. Partially, this structure can be explained as enhanced 
M l transitions between Nilsson orbilals with large angular 
momentum content. Likewise the 2.2 MeV bump seen in the 
11,1 Dy(d. t )""Dy reaction (sec Fig. 4) is due 10 enhanced M l 
transitions, probably of the same nature 

The observed bumps play a major role in the decay of low 
spin states al high excitation energy. The> are not explained 
b> statistical models since they represent favoured decay 
rouies. These bumps are not observed |9] in high spin studie*, 
they seem lo appear in ihe decav of low spin stales only. 

60 

In order to investigate the possibility of a reaction depen
dence for bumps observed in the /-ray spectra, the nucleus 
l t , : Dy was populated in two different reactions [13]: the < r. 2) 
pick-up reaction and the (T. T'J inelastic scattering reaction. 

While the pick-up reaction favours single quasiparticle 
slates wilh large hole components, the inclaslic scattering 
excites primarily collective slates. Thus, i f the bumps in some 
way are associated with deep-lying hole states populated 
strongly in the (r. x) reaction, they should vanish in the 
•/-spectrum following inlastic scattering. 

The results are shown in Fig. 10. The spectra are very 
similar, the difference- iecn may be explained by the dif
ference in average spin ( * 2h) of the states populated in the 
two reactions and the slightly different energy dependence in 
the reaction cross-sections. 

In Fig. 11 the same spectra are shown unfolded with the 
detector response function. Alihough the unfolding pro
cedure may introduce statistical unceriainiies in ihe spectra 
the over-all shape is reliable. The spectra have a shape signifi
cantly different from ihc statistical shape indicated by the 
doited lines. By integrating the different parts of these spectra. 
the total -/-ray multiplicity can be associated with the \anou«. 
decay components. The result is displayed in Fis: 12. The 

Ey [MeV] 
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fix. II Unfolded y-ray spectra. The doucd lines arc based on Fermi gas 
model calculations. 

difference in spin population in the two reactions show up in 
the contribution to .the multiplicity of the yrast transitions 
only. It is also evident thai the bump-structures carry more 
multiplicity than the total statistical part of the spectra. From 
this we may conclude that the observed y-ray spectrum is 
independent of whether collective or single particle com
ponents of low spin states are populated. The states in this 
energy region are therefore strongly mixed or a compound 
system is formed before the nucleus decays. 

A similar study has been carried out in lighter nuclei [14]. 
In Fig. 13 is shown the '/-ray multiplicity as a function of 
excitation energy for three different r induced reactions on 
: ; A I . The y-multiplicity spectra for the (T. a) and ( i , t) reac
tions show a sharp drop in the multiplicity at the theshold for 
neutron evaporation reflecting that proton emission is much 
faster than y-decay. 

In the inelastic channel, the multiplicity drops slowly with 
energy. Thus, the y-dc-ay con'Tetes with particle emission 
even several MeV above the threshold for proton escape. 
The levels populated in inelastic scattering consequenlly have 
a larger -/-width, or a lower probability for proton emission 
than the levels created in transfer. This means that the reac
tions populate different structures or that the -/-decay occurs 
before a compound nucleus is formed. 

5. Particle and y-emission from hot nuclei 

As the excitation energy gets larger beyond the neutron bind-

Fis 12 The dtcrj i jx number of "-my* ti>nlnhuiin^ IO llK> \rasi. hump and 
Ihu conlinuum pan of ihc tpccira in (he tkcu> followinp (he "- 'Dylr, i ' i " : D\ 
and ' " ' D y d . a)'"" D> reactions 10 slate in '* ' 'Dj *n f i etcitalion energies rn 
ihe 2 4 K 3 MeV region 

JM 
Fin I J. Gdmrna-ruv multiplicity spectra Trom nuclei produced with 45 MeV 

ing energy, more and more neutron channels open up and the 
observed y-radiation may originate in one out of a number of 
nuclei [10]. I f it is assumed that the neutron decay process is 
at least as fast as y-decay, however, most of the -/-radiation 
belongs to the most neutron deficient nucleus obtainable for 
a given excitation energy in the primary nucleus. A sharp 
drop in the y-ray multiplicity should therefore occur at the 
threshold for each neutron channel. 

To study the y-muJiipliciiy from highly excited nuclei the 
l f c-Dy(T. o ) l b l Dy and I H D y ( r , at)'"Dy reactions were used [!Q] 
with a bombarding energy of 45 MeV. In Fig. I4thea-speclra 
observed in coincidence with y-rays delected in the Nal coun
ters and the y-ray multiplicity as function of excitation energy 
are shown for the two target nuclei. These spectra are typical 
[15, 16] for the rare earth nuclei. At the lowest exitalion 
energies a large peak appears in the a-spectra which is due to 
the Coriolis coupling of high-j Nilsson orbitals. There is a 
nearly constant yield over roughly 20 MeV, and then an 
increase caused by a compound reaction is seen. The changes 
in the -/-multiplicity spectra for each neutron channel are seen 
in both cases, the most dramatic changes being for the 1 n 
channel. 

'tg 14 Smpk". i.parlrdev *• partielt 
lultiplieil j spectra 
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Fig. IS. Alpha-pa nicies in coincidence with y-rays from various Dy 
isotopes. 

The a-panicle energy cenlroids of the various channels can 
be studied by gating on the Gc spectra on prominent lines 
from the various daughter nuclei. The result is shown in 
Fig. 15. For the even-even nuclei we used the ground band 
transitions in the gating procedure. In the odd cases the 
--intensity is spread over many weaker transitions, a larger 
Traction of the intensity is therefore missed in the gating 
procedure resulting in poorer statistics in these spectra. The 
change in shape ofthe a-spec Ira with neutron channel may be 
explained by the spread in energy carried by the neutrons and 

GAMMA • HAY ENERGY [M*v] 

Fiv " • l u m n u - r j i N.il - [ H V U J «uh gd io in Tfii- i -p j ft id i ' spvctrj cnrri'-

spondiny li> npixilii* isnlnpes 

62 

•nies of Low Spin States at High Excitation Energy 649 
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Fig. 17. The average loial neutron energy curried uuy\ j> function i>f iho 
rum her of neutrons, 

could get some contribution from the larger spin window 
introduced by the compound nucleus formation at the highest 
excitation energies. 

The Nal y-ray projection spectra can reasonably welt be 
extracted for each daughter nucleus with the result as shown 
in Fig. 16. The spectra do not have the same slopes, thus the 
temperatures are not the same, but the most striking dif
ference between the spectra for the heavier and lighter iso
topes is ihe disapppearence of the bumps in the latter. The 
reason for this is not clear, although the larger spin window 
at higher excitation energy may at least partly contribute to 
their disappearance. 

The various channels in Fig. 15 are somewhat shifted 
compared to the threshold energies indicated by the arrows. 
This shift is caused by the energy of the neutrons which 
allows us to determine the average neutron energy. The 
results are shown in Fig. 17, where the values represent an 
averaging over energy as well as over direction. We find 
somewhat surprisingly approximately the same average 
energy (:= 2 MeV) for all channels, independent of the number 
of neutrons emitted. 

For the one neutron channel the average neutron encrgj 
may be determined asa function of excitation energy In Fig. 
18 we show the y-ray multiplicity as a function of exciiation 
energy in ' " D y . The dashed curve represents the result of a 
separate experiment, determining (he , M D y ;-ray multiplicity 
with excitation energy. The shift between this curve and the 

E, (MeV) 
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indicates sudden changes in the properties of healed nuclear 
matter around an excitation energy of 5 MeV. 

The mechanisms behind the observed non-statistical cool
ing arc not fully known nor explained. I l is a great challenge 
to improve the precision and quality of the measurements in 
order to re\eul new systematics, new signature* and new 
decay pattern characteristics for healed nuclei. We also see a 
strong need for increased theoretical efforts in this exciting 
Held of nuclear structure. 

E , - B n [MeV] 

hv IV Encrp deduced r.-r neutrons emitted (tam ":D\ as a function nt' 
e\cil.uii»n cin,T(!> tihmc I he neutron threshold 

histogram is essentially the energy of the emitted neutron. We 
can transform this shift to neutron energy versus excitation 
energy. The result is shown in Fig. 19. There is a sudden jump 
in neutron energ\ al an excitation energy exceeding the neu
tron threshold by 4.5 MeV. In ihis energy region one cannot 
exclude contributions from contaminations in the target. 
Nevertheless, ihe average neuiron energy from Fig. 19 agrees 
with the measured average value for the 1 n channel [10]. 

These findings are inleresting to compare with fine struc
tures discovered in the ;-ray multiplicity spectra, 'n several 
rare earth nuclei [) 7]. the multiplicities of the non-yrast decay 
reveal significant deviations from cascade calculations based 
on the Fermi gas formalism, in the energy region above 
5 MeV. We believe lhai these observations are related to 
structural changes in the nucleus beyond the scope of the 
Fermi gas picture. Disappearance of pair-correlations and 
even a transition lo chaou'c nucleonic motion might have this 
signature. More work, both theoretical and experimental, 
seems necessary for firm conclusions to be made. 

6. Final remarks 

Wc have given an account of some of the most important 
results obtained in studies of heated nuclei at the Oslo 
cyclotron. 

It is found that the decay from states at high excitation 
energy contains transitions which are not really statistical in 
nature. The observation of strong y-ray bumps shows that 
certain routes arc preferred in the cooling process. Further
more, the neuiron energy as function of excitaiion energy 
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Abstract: The T-decay following the l 7 ;YfcHr, r ' ) reactions with E, = 4 5 MeV has been studied. Enhanced 
transitions with energies of E , K 1 MeV were found in the -y-decay pattern. Around 50% of this 
radiation consists of known transitions originating from the 1-2 McV region and feeding inlo the 
ground-state band at low spins. However, unresolved v-ray lines constitute a considerable fraction 
of the bump. The y-decay from the highest excitation energies (E , -=5 -8MeV) is found to be well 
described taking into account the transition probability imposed by the giant d i pole resonance. 

NUCLEAR REACTION " : Y b l J H e , JHe-> £ =45 MeV measured <r(£- H , ! . £ , . !,A He)y 
coin. •Yh deduced Y- ray multiplicity. branching ratios. Enriched target. Ge Nai. 

Si ounters. 

1. Introduction 

In general, available literature indicates that heated nuclei are well described by 
statistical models, at least, in the asymptotic Fermi gas limit. However, recent studies 
using the (JHe, ay) reaction *'*) have shown deviations from this simple statistical 
picture. In particular. For the even-even rare *arth nuclei, the y-ray spectra display 
a 1 MeV bump superimposed on the statistical pan of the spectrum. The main 
contribution to the bump originates from the lowest excitation region (E, = 
1-2 MeV), where several vibrational bands are known. This region, which we call 
the vibrational region, presents a much higher level density i'ian the ground-stale 
band. Therefore, a substantial part of the y-cascades goes via this region- In earlier 
experiments the enhanced emission of 1 MeV radiation was overlooked, mainly 
because the entry regions directly populated in the reactions employed showed 
considerable spread with respect to spin. 

The aim of the present study is to investigate the role of the vibrational region 
in the y-decay of low spin states. We have used the l T :Yb( T, r') inelastic scattering, 
which presumably populates the vibrational region stronger than the ('He, o) 
reaction. In " :Yb, as many as 14 band heads are known in the 1-2 MeV region, 
making this nucleus excellent for the study of decay routes via the vibrational region. 
Since the vibrational region is strongly populated, discrete y-rays can be studied. 

037S9474'89/S0.1.5tl £• Else\ier Science Publishers B.V. 
(North-Ho I land Physics Publishing Division) 
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The direct feeding into the vibrational region and the intensity of the 1 MeV radiation 
is also explored us a function of excitation energy. 

2. Experimental method and reaction gross properties 

The experiment was carried out with 45 MeV 7-particles delivered by the MC35 
cyclotron at the University of Oslo. The 2.2 mg/cm" thick , 7 3Vb target wasisotopically 
enriched to 97%. 

The charged particles from the reaction were detected in a set-up consisting of 
four Si particle telescopes placed at an angle of 52° relative to the beam direction. 
The thicknesses of the front and end counters were 150, 3000 ii.m, respectively. The 
energy resolution of the particle telescopes was 0.3 MeV (FWHM), and the total 
solid angle was 0.26 sr. Theejeciiles were recorded both as singles and in coincidence 
with y-rays from the reaction. The -y-rays were measured with one Ge counter and 
seven 12.7 x 12.7 cm Nal counters. The Ge counter has an efficiency of 20% and a 
resolution of 2.1 keV at 1.3 MeVof y-energy. The experimental technique is described 
in detail elsewhere iJ). 

The spectrum of inelastically scattered T-particles in coincidence with y-rays 
detected with the Nal counters is shown in the upper part of fig. 1. The lower pan 
displays the y-ray multiplicity given by (,MT) = <5,)/<£"y), where the average y-energy 
is taken from the unfolded Nal spectrum. A y-energy threshold of 0.43 MeV was 
chosen in order to ootain a total detection probability approximately independent 
of the y-energy. Since the ground-band transitions up to the /" = 8* state have 
energies below this threshold, only a negligible part of the rotational decay is 
included. Thus, the multiplicity curve mainly represents statistical y-transitions. 

The lower excitation part of the T-spectrum displays pronounced structures. Two 
particle groups are centered at excitation energies of 1.3 and 1.9 MeV, respectively. 
They are mainly due to the excitation of known y- and octupole vibrational states. 
Furthermore, at £, = 2.7 and 3.7 MeV we find iwo broad slructures which probably 
represent more composite collective excitations. 

For excitation energies above 4 MeV the intensity of the r-spectrum is fairly 
constant. The sudden drop at £, = 8 MeV is caused by the onset ofneutron emission". 
The neighbouring m Y b isotope is then populated at low excitation energy and the 
y-ray multiplicity is low. The immediate decrease in yield shows that the neutron 
«.•hannel dominates as soon as it becomes energetically possible. In this work we 
will only deal with the excitation region below the threshold of neutron emission. 

3. Discrete transitions below F, =2 MeV 

The lower excitation level scheme of , , ; :Yb has been extensively studied using a 
variety of experimental techniques. From (d, p), fd.tl, (d, d'>, (r, o) and lp, a) 

' Th t nemriin binding energy for ' " :Yh i- fl„ ^ K.02 MeV. 
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£ , ( M e V ) 6 4 2 0 

ft I 

7 / 

36 3S -40 -43 -1-4 

P a r t i c l e e n e r g y ( M e V ) 

Fig. t. 7-pjrlicles measured in coincidence u i lh y-rays (upper pan I and the y-ru; multiplicity of 
Muiisncal transition* (lower part) as a funciion of excitation energy in •' "Yb. A y-ru> threshold of 

E^ > 0.4.1 MeV was used in ihe Nul dcicctorv 

particle reactions * ' 7) more than 14 band heads have been identified. The y-decay 
properties of some of these bands have been investigated in la,2n) reactions " " l , 
neutron capture '") and electron capture work " ) . 

Fig. 2 shows a partial level scheme of | , ; Y b based on our work and previous 
d a t a 4 ' " I. The decay pattern refers to the y-decay observed by putting an energy 
gate on the scattered 7-panicles from the 2.0-8.0 MeV excitation region. The corre
sponding y-energies and intensities are listed in table I. 

In fig. 3, Ge y-ray spectra from various excitation regions of r " Y b are shown. 
The corresponding excitation bins in the coincident r-spectrum are displayed as 
A. B, C\ D and E in the insert. Since this coincidence spectrum is taken with the Ge 
detector, its shape deviates somewhat from the one measured with the Nal detector 
(fig. I I . 

The spectrum labelled A in fig. 3 shows the y-rays from the energy interval 
0.2-0.5 MeV, where only the 4" - *2* (181 keVI ground-band transition is present. 
The 2 ' —0" (79 keV) ground-band transition falls below the discrimination threshold 
of the Ge detector. The next spectrum, labelled B. shows also the 6 ' - *4 ' (280 keV| 

1500 
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Fig- -- Partial level scheme of ' " Y b with transitions observed in the decay from the F„ = 2.0-8.0 MeV 
excitation region. 

transition. The coincident 7-particle yield shown in the insert for the 6" state {B) 
is about 20% of the yield for the population of the 4* (A). This roughly agrees with 
the (d,d'( cross-sections of 8.4|ib/sr (6*) and 61 n-b/sr (4 ' ) observed at 90° with 
12 MeV beam energy'). 

For the excitation energy region 0.9-1.3 MeV (C) the prominent y-lines are the 
£ T = 181, 962 and 1094 keV transitions. In this region only the /, K" = 3, 1' state at 
1222 keV and the 4, 3* state at 1263 keV are populated with significant strength in 
the (d, d') reaction ' ) . Thus, we interpret the 962 keV y-line as the transition from 
the 1222 keV state into the 4 ' 1260 keV) ground-band state. The l094keV -y-line 
originates from the transition between the /. K " - 3, 3' (1172 keV) band head and 
the 2 ' (79 keV} ground-band state. The former slate is populated by an unobserved 
91 keV transition from the /, K " = 4.3* (1263 keV} state "). 

Three additional y-lincs appear in the 1.3-1.6 MeV |D> region. The 1387 and 
1466 keV transitions originate from the slrongJy populated J, K" = 2,2" (1466 keV) 
y-vibrational state*) which decays into the 0 ' and 2* ground-band states. The weak 
723 keV y-line is interpreted as the direct branch from the /. K" =4 . 3* (1263 keV) 
slate to the 6 ' ground-band state. 

The coincident r-panicle yield shows a maximum for the excitation region 
1.6-2.0 MeV (E). In this particle group we find the iK" = 3,2' (1821 keVJoctupole 
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T A B L E 1 

Gamma ray energies and intensities (relative to ihc 
181.6 keV transiiionl observed in the decay from 

E, = 2.0-8.0 MeV 

Tran si lion energy Relative intensity 
£,(keVJ J, 

IS1.6 100(5) 
203.7 111 12 (21 
246.9 111 BI3 I 
279.6 (11 30(3) 
371.8 (21 9 [ 2 I 
599.9 (101 8 (31 
623.1 [61 2(11 
629J (61 2 (1) 
722.7 {31 5(2) 
858.2 (71 .1(21 
912.1 (4) 7(2) 
961.8(4/ 5 O) 

1004.1 (5)1 2 (1) 
1077.8 (10) 8(3) 
1093.8(1) 51 (61 
1119.6(6) 6(41 
1290.5(7) 9)3) 
1387.6(41 11 (4) 
1466.9 (SI 4(3) 
1578.8(81 4(2) 
1743.0(14) 9(31 

vibrational state. The main decay of this stale is found through the 1742 keV transition 
which populates the 2* ground-band state. We also observe a branch into the 
/. K " = 2 ,1~ (1199 keV) state with a transition energy of 622 keV. The 602 keV y-line 
originates from the decay of the l,K" = 2,2~ (1757keV) state into the 1,1" 
(1155 keV) state. The former state is probably fed Trom the /, K " = 3,2" (1821 keV) 
state hy an unobserved 64 keV transition. 

From rig. 3 we can estimate the average spin distribution of the side feeding into 
the ground-band states. The side feeding for the 2*. 4 ' , 6* and 8* states follows 
the ratios* ( > 81): 100:30:13, respectively. Since the 2 ' - 0* ground-band transition 
was discriminated in ihe experiment, ihe total feeding into the 2" state is unknown. 
The lower limit of 81 is based on the intensities of the 1094 and 1120keV lines only, 
and is probably very conservative. Thus, if we assume a more realistic estimate of 
100-150 for the 0 T and 2* states, the average spin distribution will be |2.5±0.5)ft. 
Provided that the y-decay within continuum is of dipole type with Af = ±1 or 0, 
we expect a similar spin distribution for the states directly populated in the inelastic 
reaction. This means that the reaclion mechanism excites low-spin states also in the 
higher excitation region. 

* Normalized to the side feeding of ihe 4 ' state. 
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Fig. 3. Gamma-ray spectra from the Ge detectors laken in coincidence wilh ihe T-particles. The directly 

populated «citat ion regions or " ; Y b are indicated. 

Our study of discrete y-lines (see fig. 31 verifies earlier investigations*'"). For 
the lower excitation region the (T, T') inelastic scattering populates rne same states 
with roughly the same relative intensities as observed in high-resolution (d.d'J work. 
We will therefore not go into detail concerning the specific structure of these states. 

It is, however, proper to comment on the structure of the K" =3 * band with its 
band head at 1J 72 IceV, which plays an importanl role in the decay pattern. For 
instance, we find for the y-decay of states directly populated in the inelastic scattering 
in the £ , = 2.0-8.0 MeV region that about 50% of the feeding from discrete lines 
into [he 2* ground band state originates from the /, K" = 3,3* state at 1172 keV 
( £ v = 1094 kcV). One can argue that this band is the yrare band, but nevertheless 
it is surprising that the bands with K"=0' and 1 , which are located less than 
50 keV above the 3* band, carry a negligible fraction of the total y-decay strength. 

Already in 1965 Gunther et ai , ; ) measured a positive nuclear magnetic moment 
for ihe lJ72keV state indicating admixtures of protons. Furthermore, in-band 
g-factors measured in the (Q, 2n) reaction-*) also imply neutron/proton mixing. 
Recently. Burke et a/.') have used the (p, a) reaction to investigate (he proton 

70 



A. Aiai tfi at.! Gamma decay of ' ~Yb 261 

content in the wavefunction. They conclude thai the siaie consists of (73*10) 
3~[512] + 1~[521] two-quasineutron and (27 ± 10) r [ 4 0 * ] ~ r [ 4 1 1 ] two-quasiproton 
configurations. Their data also reveal significant couplings to the bands based on 
the 1466, 1609 and 1663 keV band heads. The admixture of protons ai.dthe interac
tion with these higher-lying states, in particular the collective /, K" =2, 2* (1466 keV) 
y-vibrational state probably explain why the 1172keV state appear at such a low 
excitation energy. 

Including the strong 1094 keV transition, table 1 reveals that the ground band is 
fed by several y-transitions with energies around 1 MeV. This means that the last 
step in the statistical decay tends to go from the vibrational region at 1-2 MeV to 
the ground band. This feature will be more closely examined in the next section. 

4. Gamma radiation with Ey = 1 MeV 

Based on the detailed knowledge for the low-energy regime, we will in the 
following interpret the data for the higher excitation energies. The overall y-decay 
partem is best studied with the Nal detectors, which have nearly constant efficiency 
as a function of y-energy. [n fig. 4 the y-ray spectrum for the excitation region from 
2.0 up to 8.0 MeV is shown, where we expect ihe decay io be governed by statistical 
laws. The spectrum in the lower part of the figure is produced by unfolding the raw 
spectrum (upper pari) with the Nal response functions. 

For the lowest y-energies we recognize the ground-band transitions. Furthermore, 
we find thai the 1 MeV bump actually consists of two substructures. The first is 
centered ai Ey = 1.05 MeV with a width of 0.21 MeV (FWH M) which is higher than 
expected for a single y-line. Here, a significant part of the structure can be ascribed 
to the 1094 keV y-line. The other structure of the 1 MeV bump is broader (FWH M = 
0.30 MeV) and is centered around 1.45 MeV. Previously, a similar splitting into 0.9 
and a 1.2 MeV y-ray substructures was found in the "";Dy nucleus '). 

In fig. 5 the background subtracted 1 MeV bump is displayed for various excitation 
regions. The background is taken to be a quadratic function of the y-energy. with 
its maximum at Ey = 1,9 MeV. It is clear that the shape of the I MeV bump is rather 
constant with respect to excitation energy. This fact indicates that the enhanced 
1 MeV radiation originates mainly from the lowest excitation region. 

The strength of the 1 MeV y-radiation varies with the initial excitation energy. 
In fig. 6 we show the average number of 1 MeV y-rays per cascade as a function 
of excitation energy. This quantity is computed by 

N=j\(Mr), (1) 
where/,, is the fraction of the y-intensity of the background subtracted 1 MeV bump 
relative to the toial intensity of the unfolded Naf spectrum. The second factor, the 
average y-ray mulliplicity, is taken from fig. 1. 

The solid curves of fig. 6 depict the corresponding theoretical values based on a 
simple statisiical-decay model. The y-transition probability depends on the number 
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Fig. 4. Gamma-ray spectra from the Nal detectors with gate on the r-pa die les corresponding 10 an 
excitation region between 0.7 and S.O MeV. The lower pan shows the spectrum unfolded with the Nal 

detecior response function. 

of available final states and the y-energy. Thus, the transition probability for y-rays 
depopulating states at £ , is given by 

PlEr)KE"p{Ex-Ey), 12) 

where p( E, - Ey) is the level density in the excitation region fed by the y-emission. 
For £ , = £ , „ % , + 2-l we use ihe Fermi gas level-density (unction given in ref. I J ) . For 
initial states located within the Fermi gas regime, El decay is assumed to dominate 
completely. The exponent n is taken to be a function of the y-energy, according to 
Axel '*). Below the Fermi gas regime, M I and E2 transitions have also been (alcen 
into consideration. 

The upper curves of fig. 6 show the number of 1 MeV y-rays per cascade, using 
a broad energy definition ( £ , = 0.7-1.7 MeV) which covers the total I MeV bump. 
The experimental data (histogram) reveal significant contributions to the bump from 
the whole exciiation region between 1 and 8 MeV. The data give a value close to 
uniiy around £ , «* ] ,45 MeV. This can easily be verified from the level scheme, which 
shows that alt decay routes in this excitation region must include one and only one 
transition with y-energy between 0.7 and 1.7 MeV. Furthermore, the curve shows a 
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Gamma—nay e n e r g y (keV) 
I MeV bump as a function of excitatfon energy regions. The underlying background i. 

subtracted using a quadratic function [see fig. 4). 

dip centered around Et =3.5 MeV. where only every fifth cascade involves an 
enhanced 1 MeV y-transition. This is partly a background subtraction effect. Besides, 
it might be that tevel density and y-energy considerations favour other decay routes 
for this specific excitation region. At higher excitation energies the intensity increases 
and reaches a level of 0.37 for £, 5>4.3 MeV. The theoreiical model predictions 
(solid line I and the experimental data show some discrepancies, in particular around 
£,= 2 MeV, which are analyzed below. 

The middle part of fig. 6 displays the contributions from the 1.05 MeV substructure. 
Both experiment and theory gives a pronounced particle group around 1.3 MeV of 
exc'uaiiip. energy due to the direct population of the 1, K" = 4 ,3 ' state at 1263 keV 
(see sect. 3). For the next peak, which experimentally is found around £, = 2.1 MeV, 
the theory strongly underestimaies the number of transitions. This is an indication 
of the peak being due lo effects not included in the model, possibly [he direct 
population of two phonon states. 

The lower pan of fig. 6, representing the 1.45 MeV substructure, shows a shape 
similar to that found for the 1.05 MeV structure. Here, the theoretical curve repro
duces the experimental data rather well, except for the flat region in the higher 
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CMevJ 

Hg. t>. The number of 1 MeV transitions N per cascade in the y-decay from various excitation regions 
The plotted values ure background subtracted. The upper curve includes the tola I I MeV hump defined 
b> 0.7- £ . - - 1.7 MeV The middle and the lower curve show* the number of transitions in the E, = 1.05 

and 1.45 MeV s unstructured respectively. 

excitation region where the 1.45 MeV intensity is somewhat overestimated. The first 
particle group is centered around £, = 1.6 MeV, and is partly due lo [he strong 
inelastic excitations of the 1466 and 1711 keV states, seen in (d.d ' l work 5 ) . The 
peak corresponding to two coincident J MeV iriinsitions in cascade is clearly 
observed at £ , = 2,8 MeV. 

The splitting of the 1 MeV y-ray bump is probably connected with variations in 
the level density and the character of the states in the E, - 1-2 MeV region. About 
50°.i of the strength of the 1.05 MeV structure is accounted forby the 1094 keV line, 
and a major part oT the rest is also due to the decay of collective low-lying bands. 
The broad 1.45 MeV bump can mainly be explained by unresolved y-transilions 
from the 1.5-2 MeV excitation region. Thus, it is, clear that also several two-
quasiparticle states participate in the decay. 

For the higher excitation region, the amount of possible routes including 1 MeV 
radiation increases. This is clear from table 2 which summarizes the various contribu
tions to the 1 MeV bump in the y-decay from £ , = 4.3-8.0 MeV. We find that the 
relative contribution of continuum lines to the total 1 MeV bump is about 30"/». 
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0.7-1.7 OJ7 131 
0.7-1.2 0.26 121 
I . M . 7 0.11 ( I I 
0.7-1.7 0.27 161 
= 1.09 a i : ii\ 

0.7-1.7 0.10 15) 

A Alaf el al. I Comma decay of ''"' Yh 

TAULt. 2 

Number of I MeV transitions per cascade from the 4.3-8.0 MeV excitation region 

Type of I MeV Gamma energy Number of transitions 
transition E, (McV) per cascade 

The l Ola I 1 MeV bump 
The 1,05 MeV structure 
The 1,45 MeV structure 
Discrete lines "I 
The 1094 keV line 
Continuum lines 

J l Defined as tru: lines or table I with £ , = 0.7-1.7 MeV. 

Probably, most of these transitions originate from the decay of the 14 bands known 
in the 1-2 MeV excitation region. In average, each of the bands gives rise to 
approximately 6 transitions which feed the ground-state band (see decay scheme 
of ref.")). In addition, there might exist enhanced 1 MeV radiation from higher 
excitation regions. However, this contribution is small. 

5. High-energy -^-transition probabilities 
A significant part of the states populated in the inelastic scattering feeds the 

ground-state band directly. The high density of states in the vibrational region also 
makes it possible to observe y-transitions which feed the £.= 1-2 MeV region 
directly. In the unfolded y-ray spectra we find the corresponding decay intensities 
as one bump around £ v = £, and another bump around Er = E, — 1.3 MeV. 

The existence of these two bumps provides an opportunity to investigate the -y-ray 
transition probability as a function of y-energy. In order to avoid absolute normaliz
ation problems, we define the following quantity 

where Pt and P, are the intensities of ihe y-ray bumps representing direct feeding 
of the ground-state band and the vibrational region, respectively. 

The exponent n of eq. (2) can in principle by y-dependem, and we define different 
values for the different regions: n1[ = rt(£v = £", r and «v = n(E> = £„-£„). Here, £, 
determines the excitation energy for the vibrational region and equals £, = 1.3 MeV 
in our case. The theoretical estimate of R and ils asymptotic limits at high excitation 
energies are then given by 

f0 ffl.>n. 

1 if na<rn, 
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The level density parameters pg and p, are determined by counting known levels. 
Provided a flat distribution of initial spins with / " = l r , 2 \ 3 1 and 4 1 (see sect. 3) 
we find that the number of available states in the statistical decay is 6 in the ground 
band and 44 in the vibrational region. These values depend on the spin distribution. 
However, the ratio pjp%, which is used as input in eq. (4), depends only weakly 
on the specific distribution used. 

The exponent n in eq. (2) is very important and governs the y-energy dependence 
of the transition probability. This parameter has been widely discussed in the 
literature '•*") and values ranging from n =3 to 6 have been suggested. The lower 
estimate of 3 is based an general quantum theory for electromagnetic radiation, 
giving n = 2A + l (for dipole transitions A = l). Arguments for applying higher 
n-values are based on additional structural overlap factors in the transition matrix 
elements associated with the tail of the giant dipote resonance. 

In fig. 7 the experimental and theoretical values of R are displayed. The experi
mental points show an enhanced feeding of states in the 1.5-2.5 MeV excitation 
region. This is not included in the model using reasonable ng and nv values. The 
effect could be due to the direct population of states closely related to the vibrational 
states. Two-phonon states could produce this high transition probabilities and are 
the most likely candidates. This conclusion is also supported by the enhanced 
emission of I MeV radiation around EK = 2 MeV (see middle pan of fig. 6). 

Fig. ~i. A comparison between the observed (Tull circles 1 and theoretical (dashed curves) ratio R-
P,nP.+ P.). The prediction:, labelled n = 3.4 and 5 assume a £*; function where n is independent of 
the y.energy The asymptotical value Tor these solutions is also indicated al R =0.88. The curve labelled 
A*e1 is based on ref. " i and takes into account the tail of the giant dipole resonance (n varies fram 4 

IE, = I MeVi to 5.4 (£, = KMeVll 
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In the higher excitation region the experimental points exhibit large statistical 
fluctuations. However, it is clear that the data require an E^ dependent n-value with 
n g > n v . Previous work by Axel M ) on neutron capture has shown that the y-decay 
is well described taking into account the influence of the giant dipole resonance. 
This approach is tested also on our data. The parameters used for the resonance 
are a centroid of £ R = 8 0 A ~ l " MeV and a width of i"R = 5MeV. The resulting 
theoretical values for R, labelled Axel in fig. 7, are in good agreement with the 

" experimental points. Thus, it is satisfying to confirm that the conclusions of A x e l , J ) 
also apply to the y-decay of states with 2-3 ft higher spin values. 

6. Conclusions 

The importance oT the vibrational region, defined for £", = 1-2 MeV, has been 
explored in the y-decay following the l 7 : Yb(T, T 'y ) ' "Yb reaction. The average spin 
populated in the reaction process is low {{1) = 2.5 ±0.5), also in the higher excitation 
region. The average multiplicity of statistical y-rays was measured as a function of 
excitation energy, and a maximum value of = 3 transitions per cascade was found 
around the neutron binding energy ( £ , = 8 MeV), 

Prom the vibrational region several discrete y-transilions with energies around 
1 MeV are identified. The unfolded Nai spectrum recorded in coincidence with 
T-particles from the £ , = 4.3-8.0 MeV region shows a pronounced 1 MeV y-ray 
bump. Totally, every cascade involves 0.37 enhanced I MeV transitions on an 
average. A substantial pan of the 1 MeV bump (30% ) consists of unresolved y-lines, 
which probably originate from one of the 14 bands in (he vibrational region. 
Enhanced I MeV radiation from higher excitation energies plays only a minor role. 

The direct feeding from high excitation energy into the vibrational region and 
the ground band is used to test the £., dependence of the exponent n in the expression 
for the y-transition probability. Around E, = 2 MeV we observe a strong feeding 
into the vibrational region, which could reveal large overlaps between the initial 
and final wavefunctions. In order to lit the transition probability expression to the 
data at higher excitation energies, it is necessary [o use a n-value increasing with 
y-energy. The strength function imposed from the giant dipole resonance I J ) gives 
a reasonably good description of the data. However, other transition probabiliiy 
functions with n^> «, cannot be excWded. 

The present study has shown that the vibrational region plays an important role 
in the y-decay from low spin states in the exc ; .alion region up lo the threshold for 
neutron emission. It would be a challenge tn investigate whether the direct y-feeding 
into the vibrational region decreases relative to the feeding into the ground band 
for Ey> 8 McV. Here, future experiments could verify the influence of the giant 
dipole resonance upon the value of n. 

Financial support from "Norges allmennvitenskapelige forskningsråd (NAVFl" 
is acknowledged. 
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C H A P T E R 4 

Summary and Conclusions 

The 7-ray spectra of highly excited states are expected to show a 
statistical shape which means an exponential decrease with increasing 
7-ray energy, as illustrated in fig. 2 of chapter 2. Superimposed on the 
statistical shape of the 7-ray spectra, two bumps have been observed 
in our experimental data. The first bump is centered at a 7-ray energy 
between 0.8-1.5 MeV and it is observed only in even-even nuclei. The 
second bump, which is broader, is seen both in odd-A and in even-even 
nuclei centered at a 7-ray energy of 2.0-2.5 MeV. 

Earlier investigations1 ,3 , s) show that these bumps represent the 
last steps in the 7-cascade above the yrast line and they occur only in 
deformed nuclei. It is believed that they appear in the decay of low 
spin states only, since no trace of these bumps have been observed in 
high, spin studies. 

The bump structures are clearly seen in the particle coincident 7-
ray spectra recorded by Nal detectors. These spectra give an overall 
view of the 7-decay pattern. On the other hand, it is found useful 
to study discrete 7-ray transitions recorded by Ge detectors. These 
transitions represent the lowest excitation region of nuclei which is 
found to play an important role in the overall decay pattern and 
they hflp us with the interpretation of the data for higher excitation 
energies. 

In the preceeding chapter it was shown that the 7-decay spectra 
following not only the (3He,a) pick-up reactions but also the inelastic 
(3He,3He*) reactions reveal similar type of bumps. This fact leads 
us to the conclusion that the bump structures are not a result of a 
particular reaction mechanism but they have a more general origin. 
Papers 1-5 of chapter 3 are mainly devoted to a study of the nature 
of the bumps. Here, in this chapter a summary of these studies will 
be given and some conclusions will be drawn. 
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4.1 Enhanced 7-ray transitions 

A theoretical investigation4' on an even-even nucleus with A = 160 
shows that two bump structures superimposed on the statistical shapes 
could be obtained by using a Monte Carlo simulation of the 7-decay 
(using the probability function of chapter 2, eq. 3). In ref/1) a more 
complete Fermi gas level density formula is employed where the ex
citation energy Ex is replaced by Ex — 2A. The yrast levels and the 
low lying collective states which He below 2A ate added to the level 
density. The excitation energy Ex is determined relative to the yrast 
line for a given spin 7. According to this calculation, enhanced 7-ray 
transitions originate from the lowest excitation region of the nucleus 
where the level density shows large fluctuations. The lower energy 
bump which is located at a 7-ray energy of about 1 MeV gets contri
butions from two types of transitions: the transitions from the lowest 
lying two-quasiparticle states to the vibrational band states and from 
the vibrational states to states in the ground band. The higher en
ergy component which lies at a 7-ray energy of about 2 MeV is the 
direct feeding from the bottom of the two-quasiparticle regime into 
the states in the ground band. 

The m Y b nucleus has several known vibrational bands in the 
lowest excitation energy region {Ex = 1 — 2 MeV). Due to the higher 
density of these levels compared to the ground band states, the 7-
decay routes preferentially populate these states. In paper 5, the 
decay of the 1 7 2 Yb nucleus is studied in detail using the (3He,3He') 
reaction in order to investigate the structure of the 1 MeV bump. 
It is found that the main strength of the 1 MeV bump is due to the 
decay of the collective vibrational bands and it is estimated that in the 
excitation energy region Ex = 4.3 — 8.0 MeV every cascade involves 
about 0.4 enhanced 7-rays. 

Furthermore, it is observed that this bump actually consists of 2 
substructures. The first one is centered at En = 1.05 MeV and the 
second one at E-j = 1.45 MeV. The 1.05 MeV structure is due to the 
decay of low-lying vibrational bands and the main part of its strength 
is accounted for by resolved transitions. The broad 1.45 MeV bump is 
explained mainly by unresolved 7-transitions from the 1.5 — 2.0 MeV 
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excitation energy region where low lying two-quasiparticle states can 
also participate in the decay. A similar splitting of the 1 MeV bump 
is also observed in l f l 2 Dy (see paper 2) where the substructures are 
located at En = 0.9 MeV and En = 1.2 MeV. This splitting can 
probably be explained by the density and character of the vibrational 
states. 

Papers 1 and 2 report the existence of a broad bump at E^ = 2.0 — 
2.5 MeV not only in odd-A but also in the even-even nuclei which are 
highly' excited via 1 6 2Dy( 3He,a), 1 6 3Dy( 3He,a) and 1 6 2Dy( sHe, 5He') 
reactions. We know that this type of transitions also originate from 
the low excitation energy region2), however, due to the complex struc
ture of the nuclear states above 2 MeV, their nature is not easy to 
investigate. Within the frame of a Fermi gas model, they may be 
explained as 7-ray transitions connecting the lower regime of the rel
atively dense two or three-quasiparticle states and the ground band 
states. On the other hand, a different explanation is given by Chen 
and Leander6' who argue that the enhanced Ml transitions between 
Nilsson orbitals with large single particle momenta, j , can be the 
cause of similar bumps m odd-A nuclei. This kind of Ml transitions 
can at least partially be responsible for the observed 2.0 — 2.5 MeV 
bumps both in odd-A and in even-even nuclei as discussed in paper 
4. 

In paper 1 it is stressed that the enhanced 1 MeV transitions are 
washed out in odd-A nuclei. The behaviour of the low-lying collective 
states of 1 6 l Dy is studied in paper 3, using the (3He, sHe') inelastic 
reaction. The states which are interpreted as ^-vibrations built on 
the ground state of 1 6 1 Dy are identified by the help of the strong 
coupling rotation-vibration model. However, it is found that these 
states must be heavily mixed with the single particle orbitals from 
the N = 4 and N = 6 oscillator shells in order to give the observed 
energies. It is due to this mixing, that the 7-ray energies are spread 
in this nucleus compared to the even-even neighbours and the 1 MeV 
structure is smeared out. 
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4.2 Reaction dependence 

We know that the inelastic process ( sHe, 3He') excites preferentially 
the collective vibrational or rotational modes , while the (3He,a) re
action mainly populates single or two-quasiparticle states. An inves
tigation is carried out, in paper 2, in order to find out whether the 
specific excitation mechanism for each reaction persists up to the neu
tron binding energy. It is observed that the average spin of the states 
populated in the 1 6 aDy{ sHe,a) 1 6 2Dy and 1 6 2 Dy( s He, s He') 1 6 2 Dy reac
tions are different. The estimated average spin values are / ~ 5.5ft 
and ~ 3.5fe for the two reactions respectively. Below an excitation 
energy of 4.5 MeV, the 7-ray spectra measured with Nal detectors 
show some differences for the two reactions. This can be explained by 
the selective population of specific states. Above the excitation region 
of 4.5 MeV, however, the 7-decay pattern is found to be independent 
of the formation process. It indicates that, a compound nucleus is 
formed with no memory of the formation process. 

4.3 Gamma-decay following neutron emission 

In paper 1, the 7-decay properties of some Dy nuclei are investigated 
in an excitation energy region from the ground state up to approxi
mately 40 MeV by using the 1 6 2Dy( sHe,a) and 1 6 SDy( 3He,a) reactions. 
The hiph excitation energy gives us the opportunity to study the 7-
decay i, ichanisrn in different neutron channels, as illustrated in fig. 
1. 

An interesting feature is observed in 7-rays detected by the Nal 
detectors. The On and In channels show enhanced 7-ray transitions 
while the higher n-channels reveal a 7-decay pattern similar to what 
one would expect from a pure statistical decay. Furthermore, a de
tailed ."-tudy of the 7-rays detected by Ge detectors show that in the 
lowest excitation energy region the relative importance of various de
cay routes changes with the number of emitted neutrons. It is indeed 
the decay routes which go via vibrational bands that become weaker 
as the number of emitted neutrons increases. This systematic change 
in the decay route may be the result of a change in the average entry 
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Figure 1: Neutron emission and 7-decay from a highly excited isotope 
with mass number A. 
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spin of the daughter nuclei. 
The experimental data of paper 1 allow us to determine the aver

age neutron energies as a function of the number of emitted neutrons. 
Apart from a possible odd-even mass dependence which is not ac
counted for in the model, the results are consistent with a statistical 
model calculation. It is found that the average neutron energy in
creases with the number of emitted neutrons. 

4.4 The effect of the giant dipole resonance 

In paper 5, the 1 7 2Yb( sHe, 3He') reaction is used to study the direct 
feeding from higher lying states into the vibrational states and into the 
ground band states in order to test the ^-dependence of the exponent 
n = 2X 4-1 in the expression for the 7-ray transition probability, eq. 
3 in chapter 2. 

It is shown that in order to fit the transition probability expression 
to the experimental data at higher excitation energies, it is necessary 
to use an n value which increases with 7-ray energy. The Lorentzian 
shape of the giant dipole resonance is believed to have a low energy 
tail which leads to an increasing n value6). A good description of our 
experimental data is obtained by employing such an n value. 

4.5 Structural changes in nuclei 

As the temperature increases in nuclei, quantum mechanical effects 
are expected to disappear giving rise to a number of structural changes 
like pairing collapse, deformation or shape changes and transition to 
chaotic motion. Clear evidence of shape transitions in hot nuclei have 
been obtained by studying the giant dipole resonances7). Behaviour 
of nuclear matter at high temperatures and the phase transitions are 
topics that have been widely investigated8) and they have also become 
motivations for planning new and powerful detector systems9'. 

In the rare-earth region of interest, shape changes are expected to 
take place at critical temperatures1D) of Te ~* 1 — 2 MeV. Furthermore, 
both neutron and proton pairing correlations are expected to vanish 
at relatively low critical temperatures11) of around Te -* 0.4—0.5 MeV. 
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Such a depairing transition would cause an enormous increase in the 
level densities in the excitation energy region from 4.5 to 7 MeV. 
Since the decay mechanism is very sensitive to the level density, an 
indication of such a phase transition could reveal itself in our exper
imental data as enhanced transition probabilities for certain energies 
or as changes in the 7-ray multiplicities due to a preferance for or 
hindrence of certain decay routes. However, it should be kept in mind 
that, sharp phase transition» might not exist due to the statistical 
fluctuations l 2 \ 

In several rare-earth nuclei indications of a sudden increase in the 
level densities have been observed 1 3 , 1 4 ' in the 7-ray multiplicity spec
tra. The decay patterns studied in this thesis give no unambigous 
indication of such a structural change, even though some irregulari
ties are observed in the average energies of the emitted neutrons1 5). 
However, experiments with much better statistics than what is shown 
in this work may give us a better understanding of the pairing problem 
and the structure of hot nuclei. 

4.6 Prospectives wi th tho new Cactus system 

A new detector system called Cactus 1 6 ' is now in use at the cyclotron 
laboratory in Oslo. This system consists of 28 5"x5" Nal detectors 
and 2 high efficiency (>50%) Ge detectors for 7-ray detection together 
with 8 AE-E Si telescopes for detection of charged particles. The 
Cactus system provides us with data havii.j 10 times better statistics 
than before. Cactus also makes it possible to perform particle —7 and 
particle —7 — 7 coincidence measurements. Thus, future experiments 
are expected to bring important new perspectives into the discussions 
which were put forward in the present work. 
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